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Sn (3P0 ) + M  ~ Sn (3P 1)+M
Sn (3P1) + N 3 0(’ r) ’ SnO (X’r, a3 Z ’, b3 w , .  . .) + N2 (‘rg)
SnO (g3 ~ ) +M = SnO (X’ ~~) + M -

SnO (b3w) +M “SnO (X1r, a3r)
SnO (a3r) ~~‘ ‘~&sO(X 1Z’)+2O622 cm~

Atomic tin was first prepared by shock-heating mixtures of SnCL,f In Argon. The plenum gases were
accelerated through a nozzle bank and moIecular-N~’O was injected into the supersonic flow stream.
Medium diagnostics were conducted in a windowed section downstream of the nozzle exit plane.

During the course of these studies, it was found that atomic chlorine, a fragainent of SnCl ’ [j
~dissociation, proved very deleterious to the retention of SnO ~~~~ excited molecules within the

medium. To overcome this difficulty , the tin vapor was prep~s1ed by entraining within the on-
coming shock wave the products of an exploding tin wir~—’this permitted over a 100 fold increase
In the concentration of excited species. </ 3 ~~~

To date, all attempts to Induce laser oscillations within the ch~~ ically prepared medium have I]
been unsuccessful. Computer modeling of the system indicates that t%~e major reasons for this
failure were that the medium temperature was far too high, and that thk density of tin vapor must
be increased about three fold. U

Data are presented relative to number density measurements for SnO(~~~ ) under a variety of
experimental conditions and to the several attempts to induce laser oscillations within the seemingly
optimized medium.

El
U
ii
11

• . - . -
., -

.

.

, U

~~~j ....... .__-__ ...~.~L---—~~~’ ~~~~~~~~~~~~~ -



F — —-•----— — -. —.- — — —= — — _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  —.-•———-~ — — —~ — —

- I
PREFACE

The work described in this Technical Report was accomplished under the sponsorship of
the United States Army Ballistic Missile Defense Advanced Technology Center (BMDATC) under

U Contract DASG6O-78-C-0030. The project has been monitored by Dr. E.E. Saninan (BMDATC).
The work was accompli’~h~~ at the High Energy Laser Research Facilities of Bell Aerospace
Textron (BAT) located near Buffalo, New York. Dr. Jay A. Blauer of BAT was the Project

U Manager.

The work reported herein covers a time period of 12 months begining in January of 1978

Ij and ending in December of 1978.

The facilities and all test equipment described herein were furnished by BAT. The test
n data described were obtained by Dr. Jay A. Blauer and Ur Won~ n F. Brandkam.~ The report
U itself was authored by Dr. Blauer. Special thanks are given to Dr. Eugene Sanman who encouraged

the beginning of this work and to Dr. Wayne C. Solomon who aided in the Interpretation and
initial design of the experiment.
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I. INTRODUCTION

H 1. BACKGROUND

F Success in the development of a visible chemical laser must rest ultimatel y upon our under-
standing of those phenomena which give rise to visible chemiluminescence. It is not surprising,
therefore , that much attention has been paid to the detailed chemistry and physics of several candi-
date systems. Nevertheless , laser oscillation at visible wavelengths has yet to be demonstrated for a

- purely chemical system. Major prob lems encountered in this regard include the short radiative life-
times of typical electronicall y excited states , the usually unfavorable branchink, ratios associated

H with exothermic reactions which can produce electro nically excited species, and the rather broad
Li and unselective distribution of vibration-rotation states within an electronic state . Since most of

the exothern uc reactions of interest are of the atom-molecule type , one additional problem involves
- the development of reliable techni ques for reactive atom generation at number densities which are

- 
large enough to be of practical interest.

U A vigorous research effort in several laboratories has been directed toward the measurement
of photon yields and radiative lifetimes for seemingly promising candidate molecular systems (1-16 1 .
The reported photon yields vary from l0~ reported by Eckstrom et al. ( i i  for the reaction

Ti + N 2 0= TiO* +N 2 (i)

to 0.64 reported by these same authors for the following system:

LI Sm +N 20= S niO4 +N 2 (u)

U Other values of interest include a branchin g ratio of 0.51 for the following combination :

Sn (3 P)+N 2 E)=SnO (XI Z+, a3Z +, b3 , r . . .  . )+  N 2 (‘E ) (in)

as reported by Felder et al. (3 1. Linevsky et al. report a value of0.7 for this branching ratio. The
somewhat analogous system involving the GeO molecule has proven to be much less promising how-

• ever. Thus, Capelle et al. (17 ) report a quantum yield of 4~ (a) — 6.8 x l0~~ for the following re-
action :

Ge(3P)+N 2O(1~E)=GeO(X’r ,a3r , b3w,. . .)+ N2 (1Z ~~) (iv)

While these reactions involve single-step excitation (primary processes), Polanyi et *1. (101
investigated a novel system involving excita tion by means of an energy transfer (secondary process),

• ~, 1 i.e.,

H+H I H2 (v) + I - - 
- • , ~~• (v)

U H2 (v) + I H 2 (v-2) + I (vi)

We have investigated the lasing potential of a variation of this system in detail. The variation involves
the In-situ chemical generation of atomic hydrogen by means of the following process:

_______ 
Na +H 1 * N aI +H • • ‘~~ ~~~~~~~~~~ (vii)

_ _ _  
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flT~
Ifl like manner, McDermot et al. (18) have recently shown a somewhat similar system , involving the - Ii
transfer of energy from chemically formed 02 (* ~g) to lue. •

02(’Ag)+1 03 (3 Z ) + I  - (viii)

Of particular interest to the present proposed research is the work of Fontijn et al. (31 and
Linevsky et al. (4) relative to the kinetics of the following process:

Sn+N 2 0 ’SnO (X’Z’ , A1 T, . . . )  - 
(lx)

The results of these two studies are reproduced In Table I for easy reference.

Linevsky et al. (41 further report that Sn(3 P 1 ) reacts with N2 0 about a factor of 25 faster than do
ground state atoms , I .e., Sn(3 P0). The results of Font ljn agree to within a factor of 2 of this result.
Finally, of particular interest to us, Unevaky et al (4) pLaced their flame intracavity to a dye laser
containing Rhodamine 6G. They examined the output of the laser spectroscopically and found no
gain or absorption in the appropriate spectral region for a -. X radiation. Since the sensivitivy of
this technique is quite high, ca. 10~ cm4 , they conclude that their number densities for 

- -

SnO, Ca.> I0’3/cc, are far below that required to achieve laser threshold.

The radiative lifetime of the a3Z’ state was reported by Mayer et al. (7) to be 333 psec.
Mother important feature of these systems is to be found from their potential energy curves. Thus,
for SnO, see Figure 1 , the equilibrium internuclear separation of the a3 

~ ~ state is noticeably larger
than that for the ground state. The Franck -Condon principle requires that the most likely transition ( 1
will be vertically downward 119 1. As a consequence , the lower level reached will not likely be the
ground vibrational level but a state for which v “~~‘ 3 depending upon the initial vibrational state with -
in the a3 1? manifold. Furthermore , since the vibrational spacing in the X’ Z~ state is only 822.9 cm ’ , ( 1
the theor y of vibrational relaxation (201 assures us that equilibration within the ground sta te mani-
fold will be rapid. As a consequence , the terminal state of the radiative process will be collisionally r
depleted. This is just the situation desired for efficient laser action. Finally , another factor which
favors a high bran ching ratio for reactions (iii) and (iv) into the SnO(a3 E~) product state is that it is

• spin allowed, whereas , bra nching into the ground state is forbidden. Of course, for heavy molecules
like SnO, this spin rule is not rigorous , otherwise , no ground state product would result at all .

Before these systems can be successfully investigated, the •rather difficult problem of reactive
• metal atom generation must be solved. For research purposes, we require a metal atom density m

excess of l0’~/cm3 . This is more than two orders of magnitude larger than that achieved by Linevsky
et at. (4) or Felder et at. 131 in their respective flow tube experiments. For research purpo ses, our
solution to this problem has been two-fold.

In the first Instance, we have shock-heated binaty mixes of SnCl4 and Argon to temperatures
In excess of 6000°K to affect fotal dissociation. The hot plenum gases were then cooled to near
1000°K by acceleration through a nozzle into the observation chamber. Gaseous N20 was injected
into the supersonic flow field near the trailing edge of the nozzle. The observations to date consisted
chiefly of a measurement of chemilumlnescent Intensity at 5544 ± S0A~ [I

In order to avoid the presence of undesirable dissociation fragments, we have sought an alter-
nate versatile and reproduci ble approach for intro ducing pure tin vapor into the argon gas plenum. To
accomplish this, we place a thin tin wire parallel to the nozzle and one inch upstream into the plenum.
The wire is exploded (by electric discharg e) 5 psec before iti position is traversed by the approachi ng
Incident wave (pure argon). The limiting features now are to be traced to the size of the wire and
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Figure 1. Potential Ener gy Diagram of SnO According to the Tabulations of Suchard (7~ and the
Spectral Parameters of Linevsky (41 for the a3 E State

the input energy . The number densities achieved are approaching the range of interest. This ap-

1~1 proach is a variation of that used by Blair et at. (2 1 1 in their studies of metal oxidation lasers.

2. MODE L DEVELOPMENT

[3 There has been a substantial improv ement in our understandin g of the physics and chem-
istry of the Sn -N 2 0 chemical system during the past two years . Felder et *1. (31 have published
a very extensive report detailing their findings and reinterpreting their experimental results. When
these results are integrated with the findings of Linevsky et at. [4) a fairly complete picture of
the relevant kinetics appears. Most of the information needed to construct a computer model of

• the system is given in Table I. Other recent results of importance to the construction of a viab le[1 model include the data of Wiesenfeld et at. [221 and Capel le 1231 .

Since much of the information regarding deactivational processes of Sn and SnO species
refers to a single temperature , we have utilized the information (suprisa l) theory as outlined by

- Levine et at. (241 to develop estimates of the required functional dependence where applicab le.
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TABLE I L

KINETIC DATA FOR Sn + N30 SYSTEM -

~~(‘P0) + N 2O~~~ O Ix~ Z~a’ Z~b’ vi+ N 3 Sn (‘P1) + N 30.SnO (~ 1 £~a’ Z~~b’vi4I43

Results of W. Felder end A. Fontli n Results of M. Unsvsky and R. Car~~stts 
- 

-

• (a’ E ”) - 0.63 ± 0.26 at 960°K • ( ‘ ~~ 
- . 0.7 * 0.4 at 560°K

•(b’ w) — (0.69 ± O.29 .xp (_i~~~) k 1.7 a lO IS exp ( . 3050/AT) -

k (330 .9600 K) 5.4 X 10U .~~~(
44ao ± 3eo

) 
I

Exchsd Species Ousnchsr k’ (cc/moie-esc) Excited Species ~ isnchsr k*(cS/mCISISC) . I
SnO(.3r) N2 1.4 x 108 SnO(a’Z4) H2 2.O x lO~
SnO(a~~1 Ar 2.4 x 108 $n(3P1) H 2 3.0 x 1012

SnO(i~r) N20 2.4 x 1010 Sn(3P 1) N2 5.4 a lO~
SnO(a3E’) Sn 2.4 a 1012 Sn(3P )  N20 7.8 a 10~

~~At a t.rnp.ratureof 950°K
*At a temp.raturs of 550°K

This approach develops the temperature and energy dependencies of a particular collisional pro- L
cess in the following form :

k = e A0 k° (
~‘ 

-~~‘;T) ~~~ 
AE tank (A) (x) /

Here A0 is a nonnalising factor , k° (y -
~~ 

y’; T) is the prior rate constan t (estimated from molecular
parameters), A 1 is the supr isal parameter , AE is the net translational energy change , and A = AE/2kT .
The value of At,, results from a comparison to the estimated two-body collision frequency for -

= 0. The value of A 1 results from a comparison of the normalized function with experimental
data for a well-characte rized system. As more data become available , it is possible to describe A 1
with ever improved precision . This reduces the entropy (uncertaint y) of the model developed. -

Finall y, estimates of the rates for recombinative and other exchange (metathesis ) reactions 1
were obtained from well documented theoreti cal sources 125 -27].  The resulting khietics model L

of the chemically reactive system is found in Table II. --

Inversion densities developed between the electronic states of moderately heavy molecular —

species will tend to be low due to extensive rotational and vibrational dilution of the excitation
energy. For tin oxide or germanium sulfide , the gain equation is given by [301 .

t -~

a ~ ( r n\ h ’2  S(J’,.J”) 
[ 

P4(r)q(v’, v” ) I [SnO(a’Eil 
~~

‘ r U4(2f) ’12 \kT / 1~~” LZ v ’1~~(T) q (v’, v”
)J 23’ + I ‘

— 

2i” + I 
(SnO(X’ ri ~~~

. (xl) 3
4
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TABLE II
REACTION RATE DATA FOR THE Sn-N2 0 SYSTEM

Reaction M A N EIKesI ) Comments References

Sn +0-  SnO • 5.2 x 10~ .1.0 0.0 25
Sn +S n .5n 2 * 1.7 x 10” .10 0.0 26
0+0 03 Ar, He 1.89 a i0’~ 0.0 .17 28

- •~. 
280 1.38 a i0 ’~ -1.0 0.34 28

I N2, l.7 N20. SnO l.78 x 10” .1.0 ~0.45 28
N20 N2 +0 • 5.0 x 0.0 57.6 28
SnO 3 Sn + 0  • 1.4 x 10” 0.0 116.3 26

ii ~~ 
(3

~~j÷~~) 
= Sn (3 Pj ) N20, Sn02 5.4 x 1012 0.0 1.4 J= 1. 0 4. 24

Sn (3
~~j÷i ) = Sn (3 Pj ) N2, Sn. 0, SNO 7.9 a i0~

4 5.0 -2.84 J - 1, 0 4. 24
Sn (3

~J+l~ 
= Sn (3 Pj ) Ar , He 5.8 a 1O 6.0 .2.0 J 1, 0 4. 29

- . SnO(a) = SnO(x) N2 1.2 x 10 2 4.0 7.2 a3 E4 , x ’r 3, 24
SnO(a) — SnO(x) Ar , He 1.6 a 10.2 4.0 6.8 3, 24
SnO(a) = SnO(x) N20 3.7 x 10~ 3.0 4.3 3, 24
SnO(a) = SnO(x) Sn, SnO 3.9 a 10’ 1.5 2.6 3. 24
SnO(a) = SnO(x ) Sn02 1.0 x 0.5 0.0 3. 24

U SnO(b) = SnO(a) N2, SnO 1.5 a 1O3 2.5 8.6 b3 ir, ~ 
- 

~~
‘ 3, 24

SnO(b) = SnO(a) Ar . He 2.6 x iO~ 6.0 4.3 3, 24
SnO(b) SnQ(a) N2 0. Sn02 2.7 a 10.’ 40 1.9 3 24

U 

SnO(b) = SnO(a) Sn 1.1 a 10’ 2.0 0.7 3. 24
SnO(a) = SnO(x) Photon 3.0 a tO~ 0.0 7

Pumping and Exchange Reactions

Reaction A N E(KcaI ) Comments References

Li Sn02 + Sn (3 PJ ) = SnO(x) + SnO(x) 4.4 a 1O’~ 0.0 5.5 J - 2, 1, 0
Sn02 + 0- SnO(x) + 02 2.8 a iO ’3 0.0 10.0 27

1 SnO (a,x) + N20 Sn02 + N2 3.9 a 1012 0.0 17.0 27

Li Sn (3PJ ) + 02 = SnO(x) + 0 4.2 a lO~ 0.0 1.4 .1 = 2. 1, 0 3. 27
Sn (3P0) + N2 0 SnO(x ) + N2 1.6 a 10” 0.0 4.5 3
Sn (3P0) + N20 SnO(a) + N2 2.9 a 10” 0.0 4.5 3

I Sn (3P0) + N30 = SnO(b) + N2 9.6 a lO b 0.0 4.5 3
U Sn (3PJ) + N3 0 SnO(x) + N3 0.51 a iO’~ 0.0 4.0 J 2. 1 4

Sn (3PJ ) + N20 SnO(a) + N2 1.18 a i0’~ 0.0 4.0 J -2 , 1 4
N2 0+0 N2 +0 2 2.O x 10’~ 0.0 28.0 28

- Here ~ is the fractional isotopic abundan ce of the pa rticular Sn isotope considered. In this case
0.33. Also, m is the mass of the molecule , S(J ’, Jfl ) is the HonI-London factor (— 3’), w is

the wavenumber of the transition, Re(r) is the electronic moment , and q (v ’. v” ) is th e Franck -Condon

U factor. For the case of SnO, the quantity in brackets is ap pr oximatel y 0.2, see ref 1301 . The life-
time , r , is taken as 333 Msec. The molecular constants required to compute species number densities
are tabulated in Table Ill.
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TABLE UI -

MOLECULAR CONSTANTS4 FOR TIN OXIDE

SnO(X’r) - $nO( 3 Z’) SnO(D’aI

1. 0 20822.0 - 29606.1
ws 822.4 500.2 582.6
weXe 8.73 1.03 3.08 -

8. 0.3567190 0.28 0.314475 -
.

0.0021429 0.00086 0.00031455
D1 0.2662 a 10.’ 0.361 a 10.’ 0.25 a 10~ 

-

4Units of an~’ after Font ijn at .1 (301 and Suthard (7L
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H. EXPERIMENTAL

1. SHOCK-TUBE FACIUTY

Since the reaction system of interest requires substantial quantities of atomic tin , we have

U spent considera ble time in developing a reliable source for experimental purposes . Two approaches
to a solution of this problem have been followed in this research. First , binary mixes of SnCL, in
argon were shock-heated to temperatures in excess of 60000 K to affect total dissociation . The hot

U 

gaseous plenum behind the reflected wave was expande d through a nozzle to a final state in the
vicinity of l 000°K and 10 torr . Gaseous N20 was injecte d supersonically into the supersonic flow
field at the nozzle exit plane .

U 

The second approach involved the central placement of a thin wire of pure tin (0.25 mm dia)
2.5 cm upstream of the subsonic portion of the nozzle and parallel to it. The wire is discharged
(exploded ) S psec before its position is traversed by the incident shock front. The gaseous Sn formed
is entrained in the shock treate d gases in a reproducible manner without the introduction of dissocia-
tion by-products. Typically , 800 joules of energy are used to explode the wire .

The shock-tube is of stainless steel and has an inside diameter of 6-3/8 inches. The driverI ~ has an inside diameter of 3-1/2 inches and is connected to the driven section by means of a conical
transition. The driver and driven sections are separated by means of a double diaphragm arrange-
ment. By careful control of the pressure within the interdiaphragm section , it proved possible to

Lj initiate the shock front to within 0.3 sec of the desired time. The driven section itself was 20 ft
long and was interfaced to the reaction and observation chamber by means of a constant area duct
which changed the cross-sectional geometry from 6-3/8 inch circular to 2.66 inch x 12.0 inch rectan-
gular. This permits the development of 12 inches of active medium .

The test section has a cross section of 1.0 inch x 1 2.0 inch and is 9 inches long. Sapphire
— - windows permit viewing of the first 6 inch of flow measured from the nozzle exit plane . A schematic

[j of the apparatus and an accompanying photograph are given in Figures 2 and 3.

The nozzle array consists of a double row , the individual elements of which are described

U-- here. There are 95 primary nozzles in each row and each is flanked on its two sides by secondar y
nozzles . The prima ry nozzles have 0.05 2 inch diameter circular throats and 0.080 x 0.195 inch
rectangular exit dimensions. The overall length of an element (leading from the shock tube plenum)

- — is 0.3 20 inch. The subsonic portion of each element is a 60° conical converg ent section of 0.070
inch length. The seconda ry nozzles are simple wedges having rectangular throats of 0.010 x 0.390
inch cross sections and exit dimensions of 0.035 x 0.390 inch. The secondary nozzles are provided
with a common feed which was incorporated within the body of the nozzle array and consists of
two channels 12 inches long and of rectangular cross section, 0. 1 88 x 0. 1 73 inch. A schematic and
an accompanying photograph of the nozzle array are shown in Figure 4.

4 Before a shock tube nozzle beam apparatus is used to gather data , it is necessary to pay
t j meticulous attention to the start -up transient phenomena associated with its operation. This becomesI - - especially true when it is realized that for an improperly designed system the transient phenomena

may never be completed during the achieva ble test time. The start-up transient can best be described
in terms of a wave diagram for even ts occur ring in the neighborhood of the nozzle plate , see

LI Figure 5.

{I An analysis of these events , which is based upon the procedures of Rudlnger 131 ),  and which
utilizes dynamic pressure measurements in regions 1 , 2, and 5 , reveals that the Q-shock will pass the
observation point app roximately 50 ,usec after shock reflection at the nozzle plate . Since two com-

II plete regions (4 and 6) must pass the window in this time, the test condition will show an initial very
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FIgure 3. Photograph of Assembled Apparatus Showing the Constant Area Duct ,
Laser Cavity, and Ballast Tank
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Figure 5. Typical Wave Diagram for Shock Reflection at a Nozzle Plate
~ I unsteady behavior. Once the Q.shock is swept by, the test begins. The results of a typ ical compu-

tation for a nozzle area ratio of 11 is given in Figure 6. An analysis of this type becomes especially
- import ant when it is realized that for larger nozzle area ratios , the Q-shock might never detach from

H 
the throat under certain conditions.

50
627°K
6.3 torr

LI 
-

- l3O torT

U 
t (p ssc)

- 1680°K
O l30 torr

ao
X (cm)

U Figure 6. Wave Diagram Analysis for a Typical Experiment. Here the Area Ratio is 11 and the
Test Gas is 3.4% SnCl, in Ar. The Reflected Shock Cond itions were 6230°K and

I] 
5. l Atm

During the course of these investigati ons, It was found that the thermal decomposition of
SnCL, gives side products which are very efficient quenchers of the SnO(a3 Z )  excited molecular
state To overcome this difficulty , an experiment was devised and successfully tested In which the
tin vapor was furnished by the entrain ment of the products of an exploding wire within the advanc-
lag shock wave. To accomplish this, a metal flange was equipped with high voltage electrodes which

,
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permitted the placement of the tin wire parallel to the nozzle array and 1 inch upstream. The wire
extends over the entire 12 inches of the plenum chamber. The energy to explode the wire was
stored at high voltage (20 kV) in a 4js Farad capacitor bank . The electrical noise was reduced to
an acceptable minimum by housing the discharge circuit and capacitors in a metal housing and by
isolating the data scope and attendant detection systems electricall y by means of an isolation trans- L

-
~~ former. Typically, the wire was exploded 5 psec before it was affected by the approachin g shock

wave . If the wire was exploded more than 15 psec before shock arrival, the achievable number 0
density was much reduced by loss of material to the walls. It did not prove possible to explode the
wire after shock arrived due to its mechanical destruction. - 

0

The SnCL and Sn wire used were purchased from Ventron in ultra pure (< 99%) and [S  -

99.999% purity levels respectively and were used without further purification. The N30 and Argon
used were purchased from Matheson with purifies of 98% and 99.999% and used without purifica- r
lion.

2. CAUBRAT ION S AND SPECTROSCOPY

Since the observation of chemiluminescence from SnO (a -+ X) transitions has been the prin-
cipal diagnostic dur ing this investigation , a method of converting observed luminescent intensities
to number densities of excited species is sought. We derive here the equations that permit the pro-
per interpretation of the data.

The intensit y of a spectral line in emission is given by

I = N~’j ’ hC~~~vj ’ /41j’ 

- 

(1)

Here N~i j ’ is the number density in the particular electronic-vibrational-rotational state , (4’ j ’is the
wave number of the emitted photon , and A~: j ’ is the Einstein coefficient for spontaneous emission

from the specified quantum transition . The establishment of vibrati onal and rotational equilibrium
within each electronic state is assumed. This is equivalent to assuming the following relationship
holds t r ue (19 1 : V

NC’ ‘ = (2J ’+l)(_ !_ \ {e~~cGo~~
’)tkT

~ ~~~~~~~~~~~~~~~~~~ (2)v, J I c  I

Here , gj
0 

is the total number density of molecules in the upper electronic state, Q~: ~ ‘ is the par-
tition function for the upper electro nic state , and G0(v’) and B~’ are the appropriate vibrational and —

rotational constan ts. In addition , the following relationships apply :

= 
S(EI”) [R ~(r)q(v v”) 1

‘~: .1 ~ ~ ~~~~
“ R~ (r)q(v v”) J Eli

Here , S(1 1”) is the Honl-London factor. For AA 0, we have

0 S(J’.J”) z 1’ R-branch 4

~~~~~~~~~~~~~~~ ~
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Li
• Li The term in brackets divided by the lifetime of the electronic state ( T )  is the transition probability

for the following process:

SnO (a3 Z ) ~’ SnO(X’ Z’)~” (6)

The symbol q(v v”) represents the Franck -Cond on factor which is directly calculable 132 1 . For theseU calculations we assume r = 333 ~sec 171. Finally, it is necessary to correct for the spectroscopic
slit function , g( Wy: .r - ,oI, b c), which accounts for the fact that the spectrometer does not have
infinite resolution. The functional dependence of g was determined by observing the apparent inten-
sity distribution about the 6328A line of a helium neon laser. The dependence observed is illustrated
in Figure 7.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _
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Figure 7. Spectral Response Curve Near 6328A for 1/4 Meter Prism Monochromator for a
Slit Width of 1.0 mm

The emission intensity per unit volume at wavelengths within the bounds of the slit function
is given by

1 = Zv’Ij’N~’j ’hCW vuj ’ S(i~J ”) 

[~~~~~~:~~

‘

::v”] ~~IW v:J ’ -w01, b,c) (7)

L The required absolute intensity measurements were made with the aid of a 1/4 meter prism mono-
chromater. The spectroscopic slit function of the device was determined by use of a helium neon
laser (0.5 mw) as the monochromatic source . The normalized results for a mechanical slit width

t 
of 1.0 mm are illustrated in Figure 7. The response curve was replaced by a triangular function
having a half width of I 90A in all calculations, see the dashed line in Figure 7.

- 

- U A brief description of the rationale and numerical analysis techniques used to quantit atively
determine the amount of light reach ing the detector from the extended source is In order. To
accomplish this, we refer first to a schematic of the light train, see FIgure 8. The following a.mimp-8 lions were made in the analysis to follow:

1. Except for apodization by the spectrometer slit and the circular outer diameter of the
lens, the optical train was lossless.

~ ,
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Figure 8. Schematic of Optical Train

2. The lens was treated as thin and perfect.
- J

3. No light is reflected from any surface within the reaction chamber.

4. All transmissive elements, windows and lenses, exhibit no reflectance .

5. All light or a constant fraction of the light passing through the spectrometer slit
reaches the detector.

6. All elements are centered. ~0

With these assumptions , we proceed with the analysis.

The thin lens theory indicates that the position and size of the spectrometer slit as Imaged
by the lens is determined by the following relationships:

and 

= f3/X (8)

m X’/f (9)

where 
[j

X distance from slit to focal point of the lens
X’ distance from iluage to back focus
m magnification -

It is clear that from any point in the luminous region a ray traveling through the open portion
of the image of the slit so that it strikes within the clear aperture of the leni wlil be detected. The
desired solution Is then the total quantitative effect of all of these rays summed over the entire lum-
inous region. This may be expressed mathematically as follows:

St — fffQ(X ,Y,Z)dxdydz (10)

1]
14
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Li
LI where

= the effective or open solid angle which reaches the detector at point (X,Y,Z) in
0 U the gas

dxdydz incremental volume

U A computer program was written which numer ically approx imates this integral by subdividing
the luminous reglon into rectangu lar cells in a3D mesh. At each cell in the mesh, the open or un-

U obstructed solid angle as viewed from this point is determined , weighted by the volume of the cell,
and summed. The saUd angle elements are approximated by projecting the image of the slit onto the
clear circular aperture of the lens as both would be viewed from the individual cell location . The

Li 
common open area is determined and the solid angle approximated as follows:

0 

~~~jk~~~ ijk/Dijk (1 1)

U where

~~ jjk = the open solid angle as viewed from the cell having coordinates (ij, k)

Aj ik = common open areas in the plane of the lens

1
~ijk = distance from the cell to the lens along a representative ray path.

Summation of these elements gives the desired result , i.e.,

Sg i 2 j Ek~~fl hiklAvuk (12)

where

I = the cell voLume .

U A slight complication is encountered when the slit is imaged within the luminous region. For
points in the gas lying between the imaged slit and the lense, the projection of the image slit on the
plane of the lens is determined by requiring the marginal rays defining the imaged slit to pass through

H the cell point.

U After numerically computing the value of S , it is necessary to relate it to the chemiluminescent
intensity of the gas. To do this, we first define the lollowing parameters:

- Bchem = Optical power radiated within the confines of spectral slit function into unit
unit steradian solid angle per molecule ~ I/4irp~.

[} - The number density of radiating molecules.
VT - Detector voltage recorded during the exper ment.

U V~ - Detector voltage measured when calibrating the device against the standard lamp .
— The manufacturer’s standard lamp irradiance folded against the spectral slit

function *(IWv J  - ~~~ b, C).{J - The distance quoted by the manufacturer in calibrating the lamp.
TF - The transmittance of any neutral density filters used during calibration of the lamp.

II 5g - Integrated effective solid angle volume product of the luminous gas.
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D~~~ = Actual distance of the calibration lamp from the imaged slit.
h - Slitheight.
W Slit wldth.
K = Proportionality constant.
l
~ , = The manufacturers standard lamp irradiance density at frequency w (cnf ’).

0 

If the distance from the standard lamp is great enough to assure that its brightness is the
same as an equivalent point source, we have

Bcal — l~~~ D~~~ I watts/steradlan t (13)

The detector voltage recorded during calibration will be

V~ 
= KB~~~ . (hwrn 2 )TF/(D

~~~
)’ (14)

Similarly, for the shock tube experiment , L
VT = KBchem ~~~ Sg ( 15)

When the proportionality factor , K , is eliminated from these two expressions, we obtain

[TF I~~hwm 2 D~~ 1 L
= V T 1  (16)

.~~ ~~~~~~~~0 ~~~~~~~~~~~~~~~~~~~~~~ 11
When the definition for 8chem is substituted into this expression, the following expression is
obtained:

I
I = V T 1 (17)

~SgVc(D~~l)
t J

= V TC -

where
C = 4TT~~hwm~fSgVc(D~~i/Dcal)

2 (18)

0 For the conditions of our experiment , we estima te the value of S1 at 0.028 steradlan -cm3 . t J
In estimating the value of this parameter, the effects of surface reflections were neglected. If In- 0

cluded , these effects would tend to lower the computed value of C and ultimate ly of gs~,. 0

The standard lamp was a quartz-IodIne 1000 watt device which was calibrated against an - 
-

NBS standard. The calibration curve is given in FIgure 9. Also, we have the following values:

h — 2 c m
w - 0.1 cm [1
m 0.5
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~ } Figure 9. Spectral Irradiance of the Standard Lamp as a Function of Wavelength at a Distance of
- 30 cm and Operated at 8.3 Amperes

H D~ai = 11.25 cm
D~ai = 30 cm0 

H 
V~ = 0.34 volts

U l~~ = 1w~~(l(~J ’ j ’ - ~“oI, b, C) dw = 543 p watt/ cm2

1~ 1 

TF = 0.01

U With these values , the following result is obtained :

{ 1 = 2.55 x 1(T3 VT watts

The solution of equation (7) for I at 1000° K gives the following result for a spectrometer setting[I
I/p = 0.48 x 10 *6 watts

- 

- :
0 From these two expressions, we obtain the desired result, i.e.,

U = 5.3 x iO’~ V1 molecules/cc

Since we have used the same optical arrangement throughout this investigation,this expression is
~~~~~~

- - [J applicable so long as the cavity temperature is W’0°K.
F~~. .

0 
FInally, it was Initially hoped that the densities of atomic tin states could be monitored by

~ atomic resonance absorption measurements. It was found , however, that when the source material
was shock-heated SnQ4 in Argon intense resonance line emission was observed at all of the charactcr
istic Sn atom frequencies. As a consequence, the presence of Sn vapor In the flowfield was estab-
llshed by monitor ing the emission at 3802A from the Sn(6’P1 - 5~D2) resonance line. Spectral

17
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isolation was with a Czerny Turner 3/4 meter spectrometer with 30p slits. Detection was by means
ala lP28 phototsabe. 0

3. CAVTTY TEMPERATURE AND PRESSURE MEASUREMENTS

Upon exiting from the nozzle bank, the supersonic streams experience an area step function
from a nozzle helght ofl.O cm to a cavity helght of 2.2 cm. Under these conditions, it is difficult 0

at best to estimate the gas conditions from the corresponding plenum conditions and the dlmen- I J
sional parameters of the apparatus To partially overcome these difficulties , we have a plenum of
Argon with F2 and Injected H2 into the supersonic flowfield. A measurement of the HF rotational
temperature was then accomplished. Although the plenum gases are somewhat different than those
under discussion here, the information is useful in that it places an upper limit to the temperature to
be expected when the plenum consists of SnCl4 in Argon. Pressure was measured at the wall a dis- 0

tance of 2.5 cm from the nozzle exit plane. It Is recognized, however, that at best this measurement I :1
can be used only as a gross indicator due to the uncertain nature of gaseous flowfield .

0 At the nozzle exit plane, the equations of isentropic supersonic flow 131) can be expressed
by the following forms: -

1 \~ / 2 (y +l)/( y- l)
r = 

~wOoAt (RT OM )  v’1(~~j ) (19)

~~~~~ ~~~~~ 0

= l/[1 + .j~. M2] (20)

Ta/To = 
i/ [i 

+!~iM2] (21)

7+1 Ii
—~~ . 

_! 1—a- 1 t + !-!M2)]2(~
P
~
1) (22) 0

A M LT ’l \ 2

The symbols have the following meanings: 
- )

r the molar flow rate of plenum gases into the cavity, -
~

0 = the nozzle discharge coefficient (assumed unity here), -

P0 the plenum pressure,
A - the effective throat cross-sectional area (assumed equal to At),

-~ R - the gas constant
the plenum temperature

= the heat capaci ty ratio (1.667),
A - the exit plan. dimension I
M - the gasMachno. •

~1
At — the geometric throat area.

With these equations, It Is possible to place upper limits to the values of I’, P~, and T~. 1
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U Typically the HF rotational temperature was determined by simultaneously monitoring the
intensities of the- R2 ° (6) and R2 ° (1) rotational lines centered at I 2576.9A and I 2780.8A re-

U spectively. Spectral isolation was by means of a 3/4 meter Czerny Turner monochrometer equipped
with a polychr omato r attachment. Detection was 1 ‘neans of two Ge chip detectors which were
calibrated by comparison to a standard blockbody source . Typical results of these measurements
are gIven in comparison to the values computed for simple isentropic flow in Table IV. As can be
seen from the comparison given , the computed values appear to be a reasonable app roximation to
the measured values for the temperature; whereas, an uncertainty of about a factor of two exists for

0 the pressure. Before experimental results can be compared to the model calculations, Section 1-2 ,
0 with maximum. confidence , it will be necessary to better characterize these pressure measurements.

Our intent is to measure the free stream number density with an in terferometer.

I i -  TABLE IV 

0

- .  HF ROTATI ONAL TEMPERATURES AND MEASUR ED WALL PRESSURES AS COMPARED
0 

U TO THE IDEA L ISENTROPIC VALUES FOR TYPICA L EXPERIMENTAL CONDITIONS

Messur.d Values I sentropic Velues

fl %SnCl4 %F2 T0
0K P0 (atm) TC°K 

~~~ ~~~~~~ T~’K 
~

L _ j
0 10 7060 8.1 700±100 691 19.0
0 3 10400 10.7 1080±100 1020 22.0

0~ 
3.3 0 6850 3.7 5 ± 1 8.5

0 

3.3 0 7830 4.2 5 ± 1 9.6

1 2.3 0 7200 2.9 6±  1 6.6

Li Computed for an area ratio of 11 at the nozzle exit plane.
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rn RESULTS AND DISCUSSION -

1. TIN ATOM DETECTION

A typical osdilogram showing the Sn atom emission Intensity and the accompanying cavity pres-
sure trace is illustrated in Figure 10. An entire series of these tests was conducted with only the per- 

0

centage of SnCL In the initial mix varying from test to test. The peak intensity of these traces Is shown
- as a function of the percentage of SnCl4 in the initial plenum mix in Figure 11. When the wavelength

selector is set b A  to either side of a resonance line, no emission is observed by the phototube. {

Lumk~.cuncs
I .

. ,  
I

Intensity ~ : ~ ‘ i

lOO p ssc
0 . .

I 1 1
. 5

Time fl•
Figure 10. Oscillogram Illustrating the Sn Atom Luminescent Intensit y and Cavity Pressure for 0.8%

SnCL, in Argon Shock Heated to 10,000°K and 4.0 Atm. Nozzle Area Ratio was 11.
Cavity Temperature 10l5 °K

_  

0 El
U

lntsnsity Units

SSnO,

Figure 11. Effect of Sn Density Upon the Resonant Line Emission Intensity at 3801A. Reflected
Shock Conditi ons of 9700 ± 900°K and 4.0 ±0.6 Atm Respectively -. 1
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LI It would appear from these results that the radiant intensity follows the cavity pressure dosely
and is a nonlinear function of the tin atom density. Furthermore, since the resonant transition is

U allowed in electric dipole theory, it is likely that the radiation has its origin in a chemical process. This
• follows directly from the fact that approximately 20 ~ssec are required for a gas particle to transit the

nozzle and appear in the field of view. Since the radiative lifetime of the o~ P 1 state is only 67 n sec,
0 

El 
all radiation of a thennal origin will be lost (33) . A possible mechanism for this effect is as follows:

S n + a + M  = SnCI +M
- SnCl +Sn = SnCI +Sn

S n + M = Sn+M (23)

U The asymptotic approach to an upper limit is indicative of an efficient quenching of the 6~ P 1 state by
a product molecule, possibly Sn or Cl. In the case of the exploding wire, this tin atom resonant emission
was not observed. This is a further indication of the chemical nature of the effect .

El In the absence of a suitable resonance absorption technique, at least for the case of SnCl4 dis- 
0

sociation, we have utilized a measurement of the resonance intens ity at 3802A as a simple indicator
( 1  to establish the presence of Sn vapor in the cavity. In order to give a more quantitative aspect to the

LI results, we have resorted to a titrametric procedure to be described Later under the heading of the ex-
ploding wire.

U 2~ TIN TEFRACHLORIDE VAPOR SOURCE

0 
A typical oscillogram showing the SnO (a3Z -

~ X1 Z~)e mission centered at 5544 ± 90A is
ç shown in Figure 12. An entire series of these tests was conducted with only the percentage of SnCL.
L in the initial mix being changed. The steady state intensity of the resulting traces is shown as a function

of the percentage of the SnCL in the initial plenum mix in Figure 13.

_ _ _ _ _  _ _ _ _

0 F 0

Area Ratio 7.5

- 9

50 M $SC

L U  _ _ _
- .  

-

— Figure 12. Oscillogram Illustrating the a -~ X Emission from SnO Centered at 5544 ± 90A. Plenum
Conditions were 9675°K and 2.4 Atm. Estimat ed Cavity Conditions were I 146°K and
8.7 torr with XSn 0.0015 and i~~/n~~0 0.045
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FIgure 13. Intensity óf Emission at ss44±9oA asaFunction of lmtial SnCL. Partial Pressure. The
Plenum Conditions Varied from 9675°K and 2.4 Atm at 0.15% to 7140°K and 2.5 Atm t
for 2.5%. Corresponding Cavity Temperatures were 1 l46°K and 846°K. Effect of N30 I.
Flow Rate and of Added 03 are Also Shown.

- - It Is apparent from these results that the optimal operating condition is in the neighborhood of
0.6% SnCI4 with ‘1N2~~° 26 moles/sec. Increasing the flow rate of N30 degrades the performance
and shifts the peak intensity to higher percentages of SnCI4 . The most importan t result here is that

• 
• 

the addition of CL3 to the initial plenum mix severely degrades the emission level. The conclusion here 
0

is that atomic Cl Is an efficient quencher of the SnO(a 3 E 4) state.

The effect of variable N 20 flow rate for constant plenum conditions is seen more clearly in
FIgure 14. The flow rate of Sn was computed with the aid of equation (19). The conditions for peak
performance correspond to the conditions at the peak In Figure 13. Accordingly, It would appear from 1 0 0

these results that the performance peak corresponds to 0.6% SnCI In the Initial plenum mix with
‘1N2 OP1Sn 2.5 and pLenum conditions In the neighborhood of 91 00°K and 2.4 atm. The correspond-
ing cavity conditions approximate to 2080°K and 9 ton. The estimated SnO(a3 Z )  density for these 0 0 

•

conditions as obtained from the observed detector voltage and equatIons (1)through (18) is 7 x 10~~’

moles/cc. The maximum gain for this condition is computed as 1.0 x 10~ cm ’, see equation (xl).
This corresponds to the 0 -~ 3 vibratIonal band wIth 3 3 6  and assumes 50% of the SnO to be In the

- - ground electronic state. Since the active medium length Is only 30.5 cm, the pin per puss that is
achievable Is only 0.03%. ThIs value Is much too low to offer hope that laser oscillations can be induced
in a real laser cavity with these medium conditions. Finally, for a cavity presenre of 9 tolT at 1OR0°K,
the total SnO density for 0.6% SnC14 In the Initial mix will be 8 x 1O~~~ moles/cc. This result si~~~ets
that for a Sn vapor source which utilizes SnCI,, over 90% of the SnO present in the active medium Is
In the ground state even under the most optimum o~ndIdons. To overcome these difficulties , an alter- 

0
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Figure 14. Effect of N20 Flow Rate Upon Emission Intensity at 5544 ± 90A. The Plenum
Conditions Correspond to 9120 ± 200°K and 2.4 ± 0.1 Atm . Estimated Cavity
Temperature was 1080 ± 30°K

j nate source of Sn vapor must be utilized. This alternate source should not introduce undesirable by-
products into the flowfield . We have selected the use of an exploding wire technique to be explained
below.

Finally, tests were conducted for which one of the two reactants were absented from the flow-
field . When this is done, no emission is observed In the range 5544 ± 90A , although, if Sn is present the

L resonant line emission is present. In addition , the relative intensities of several bands in the a-’ X mani-
fold have been measured. The data , uncorrected for variabLe dete ctor response, is given in Figure iS.
As is to be expected, maximum inten sity Is obtained when the wavelength seLector is tuned to a vibra-
tional band.

3. EXPLODING WIRE TECHNIQUE[1 A typical oscillcgram showing the SnO(a3Z -’X’ Z~) emission centered at 5544±90A is shown
in Figure 16. In these tests, the plenum was always argon with entrained wire products. Typically,

U the cavity condItions will be approximated by I 145°K and 8.7 ton . These figures do not account for
the wire discharge energy whIch is coupled into the gas. The unfortunate feature of these tests is the
small useful test time (7 100 paec). Nevertheless, a substantial increase in peak radiant intensity is[~ observed (Improvement of more than an cider of magnitude) relative to the use of SnCl4 . When no
N3 0 is flowed, no emission, including the Initial spikes, Is observed at the stated wavelength.

El
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FIgure 15. Uncorrected Relative Intensities for V -0, Bandwidth I 80A, Plenum Conditions
of 91 70°K and 2.4 Atm, 0.6% SnQ4JA
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- : - Figure 16. Oscillogram Showing Qiemiluminescent intensity at 5544 ± 90A with Plenum Conditions 1

of 9660°K and23Atm A O2 S Dia Wlre was Exploded at 800 ioules n/N2O 00113
moles/sec

The effect of discharge energy upon the radiant Intensity is shown in FIgure 17. The peak -

intensity observed corresponds toaSnO (a3 Z )  density of 2.2 x 10’ moles/cc. This corresponds to
an achlevable galn of approxlmately 1.6 x I0~~ cm~~. For the slngle pass medium length of 30.5 cm, - -

this corresponds to a total gain of 0.48% per pass. This Ii approaching the region of interest for lasing.

We estimate from the estimated plenum conditions that approxImately 3.6% of the gas will be
molecular SnO when the discharge energy Is 1200 joules. This assumes that approximately 50% of the
SnO Is In the ground electronic stat.. [1

A simple titration of the Sn vapor with N2 0 is Illustrated In P1gw. 18. Although the data
appear to be approaching an asymptotic limIt, the Initial rise is so sharply differentiated from data at

- - 
higher flow ratss that It is tempting to ~~~~~ that the stololilematry is beleared at spproxlaalsly 0.03
moles of N30 per second. This usumaptlon Is, h~~e,ei, not justified due to the slow reaction rate. A
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Figure 17. Illustration of Dependence of Radiant Intensity at 5544 ± 90A Upon Wire Discharge
Energy. Plenum Conditions were 9650 ± 100°K and 2.3 ± 0.1 Atm . 
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Energy was 800 Joules
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better titration has been described by Felder et al. [31 m d  utilizes NO2 which reacts with Sn vapor
much more emciently . This titration has not yet been accomplished . • - -

It is likely that use of a wire of larger diameter and greater discharge energy will permit the
achievement of even higher number densities. These experiments are planned for the future .

H 
• 

4. LASER TESTS H
The estimated single pass gain of 0.5% although low is in the region that might permit the induce-

ment of laser oscillations In a real laser cavIty. The critical factor here involves the use of mirrors of
very high reflectivity. - -

A laser cavity was assembled as follows: the output coupler was a dielectric flat with a peak
reflectivity of 99.7% and a transmissivity measured at 0.2%. The total reflector had a radius of curva- - -~

ture of 2 meters and a peak reflectivity of 99.9%. Both mirrors were mounted internally to the windows
• but were recessed from the-supersonic flow by 1 cm. A long pass filter starting at 5500A blocked contri-

butions from the b and D states of the molecule.

Several attempts to induce laser oscillations were made without success. The mirrors , when
aligned, do give a radiative enhancement of a factor of five. The failure to induce oscillations is probably
due to either of the following factors: (a) there is an uncertainty in the value of the electronic transition
moment [71. This uncertainty amounts to at least a factor of 3. We have used the most optimum value, - •

7 -~ 333 ~asec. (b) there is always uncertainty In the stated reflectivitles of commercial m1rrors~ We have
0 

assembled a cavity with a single pass mirror loss of 0.4%. When considered in view of the estimated - 

-single pass gain, there is not much margin for error.

it is our intention to Increase the number density of Sn() states by utilizing a heavier wire and
greater discharge energy. In addition , model calculations to be described shortly indicate that lower 

0

cavity temperatures will be very helpful. I
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¶ Li
- IV. MODEL CALCULATIONS AND CONCLUSION S

• Li

0 
- The computer model has been used to begin mapping the gain regions for the system in an

effort to better guide the experimental effort in the future. Some of the more interesting results to
• date are illustrated in Figures 19 and 20. It would appear from these results alone that the laser cavity

- experiments conducted to date were done at much too high a cavity temperature. These calculations
were all done with the assumption of a laminar diffusive mixing of the two flow streams. This approach

- 

- 

gives the least optimistic result.

LI 20• 500°K

t - . 1 6 .  
-

LI 834°K
Max Small Sige& 12• U Galn-cm 1 x 105

8 ’
U

H 4 • 
• 1222°K

U
0 1 2 

AxIal Distance (cm) 
6

Figure 19. Computed Gain Profiles for 11% Sn with Argon in the Primary Stream (M = 4.3) and
[1 100% N20 in the Secondary Stream (M = 5.2). Mixing is by Laminar Diffusion.
U Total Pressureis 10torr with I~N o/’~c’ = 2.8 on a Molar Basis

2 “

U The effect of N2 0 concentration and axial position are illustrated in Figure 20. It is apparent
from these results that the 2.5 cm position of the current optical axis is too close to the injector. In

U addition, if optimum gain is to be achieved , it will be necessary to increase the N3 () flow rate beyond
what can now be achieved In the apparatus as depicted in the figure. The maximum N20 flow rate
that can now be achieved is approximately 0.13 moles/sec. This corresponds to the upper limit shown• U on the abscissae of the figure .

Finally, the quantitative aspects of the data , FIgure 18, are well reproduced by the model cal-
culatIons, FIgure 20. Once the gas density within the laser cavity has been better characterized, the

(} quantitative comparison will be made. For the present, however, the semiquantitative comparisons
• which have been made suUest that the number densities of excited states that have been adileved are

approaching the region of interest . This, coupled to the failure to Induce Laser oscillations in the

27

-~~~~~ ::~ ~~~~~~~~~~~~~~~~~~~~ ~~‘H



• -

IL
ao

• 0 • 
-

• 
X 4 cm

- . 
- X 2 c m  

• 

-

cm 1 x10 5 

~~ 

~~~~~~~~~~~~~~~~~~~~~~~~ X .I cm 

1 6
I~NsOMSn [}

Figure 20. Computed Gain Profiles for 11% Sn with Argon in the Prima ry Stream (M = 4.3) and
• • 100% N20 in the Secondary Stream (M 5.2). Mixing was by Laminar Diffusion.

Total Pressure was 10 torr and Temperature was 500 ± 30°K

chemically prepared medium , suggests that attempts to increase the number densities even further [Ishould be made. To accomplish this, plans are under way to discharge a wire of twice the diameter.
These experiments will be reported at a later time.
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