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ABSTRACT

A CO2 laser was used t - generate reduced-density channels in various gas mixtures
of ammonia and nitrogen. Interferometers were used to record the changing density re-
: sulting from the NH3 absorption of the CO2 laser radiation. One method used to de-
termune the characteristics of the channel was based on the assumption that the resulting
density profile was Gaussian shaped. The second method used the Abel Integral Trans-
formation, requiring no pre-conditions on the density profile except that it was
cvlindrically symmetric. While used extensively in plasma spectroscopy, this technique
1s not generally well known for analyzing interferometric data. The results show that for
a fixed laser energy long, shallow reduced-density channels were formed in gas mixtures
of low ammonia concentration and short, deep channels were formed in gas mixtures
ol high amumonia concentration. These results qualitatively agree with an earlier exper-
iment in which gas mixtures of nitrogen and sulfur-hexaflouride were used. Both exper-
iments support the concept of reduced-density channel formation and lay the {foundation

for future studies of relativistic electron beam propagation for application in the Strate-
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II. DESCRIPTION OF THE REDUCED-DENSITY CHANNEL
ENPERINMIENT

A.  EQUIPMENT

A schemuatic of the experunent s shown in igure 1. A tunable electron beam con-
trolled CO2 luser with an LINTINIOO ¢ active volume produced pulses of Tooo g ra-
diation at energies of up to 300 joules huving a 3.3 us pulse width. Upon leaving the
laser, the radiation expedienced muluple reflections as 1t passed through a mtrogen filled
crlindrical tube 10 m long. The retlections served to increase the optical path, hence the
luser beam traveled approximately 335 m before extuny the tube and entering the west cell.
The increased length arded in tocusing the beam: the nitrogen m the aviinder prevented
the beam trom bemny scattered by particulate matter. Since nitrogen does not ahsorb 1tho
um radiation the laser beam approached the apperture without any significant degrada-
tion. One-third of the niual laser encrgy passed through the aperture and was mcaident
upon the gas at the entrance of the target cell. A typical 00 joule pulse entering the target
cell had an estimated peak on-axis {luence of 30 Joules per ¢, Entering the cell with
a full width at half maximum of ~10 mm, the beam was aligned so that the peak of its
Gaussian prolile was along the longitudinal axis of the cvlindrical test cell. [Refl 8t pp.

3-3].

The test cell. a cvlinder 36 em in diameter and 230 ¢m long, contained a mizture of

NI5 and N2. Experiments in the test cell, were conducted on the following mixtures:

5 torr NH3 and 3935 torr N2
¢ 15 torr NH3 and 3835 torr N2
e 30 torr NII3 and 530 torr N2

e 200 rorr NI3 and 400torr N2

The test cell wus evacuated before cach experiment. Subsequently it was fifled to the
desired pressure of NI13 and then brought to atmosphieric pressure (600 torr for Los
Alamost with pressurized N2

The NH3 molecules absorb 10.6 gm radiation [Refs. 9, 10 and 11}, As the beam il-
luminated the celll the absorbed energy was translerred to the other molecules of the gas
mixture threugh collisions. The adinbatic expansion of these excited molecules producad

a reduced density channed whiach was centered on the longitudinal axis ol the test ceil
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! An in depth description of the adiabatic expansion process is developed n reference
; S pages 3 through 10. Included in that reference are calculations which determine the
i required absorbed fluence to produce a unform halt density channel 2 m in length. Whiie
the values obtained therein apply to 600 torr N2, they apply to the mixtures used in this
::; experiment due to the promunence of the N2 contained in each gas mixture. [n short the
: fluences provided by the CO2 laser were sufficient to produce 2 m long channels which
;: were | ecm wide and had 0.1 times the ambient density.
In order to observe this reduction in density, windows were installed along the walls
, of the cell. These windows permitted the use of optical interferometers. one of whose
; beams traversed the test cell. The density profile of the gas mixture at different locations
X was then determuned by analvzing the interference patterns.
. B. INTERFEROMETERS
E’ Three interferometers were installed at diflerent positions along the test cell (See
S Figure 1). These Mach-Zehnder type of interferometers split the Ie-Ne laser (633nm)
( into two separate beams. One beam traversed across the path of the CO2 laser beam
and the other beam traversed around it. Figure 3 1s a photograph of the pattern resulting
3 from interference of both beams prior to the energizing of the CO2 laser and subsequent
; channel development. This pattern is due to non-alignment of the mirrors used in the
1 aterferometer [Refl 12) Filling the tese cell with the N2 and N2 minture and energizing
y the CO2 laser developed a phase shift between the two beams. This phase shift was due
) to a decrease in the optical path fength of the beam passing across the path of the CO2
'E laser. Figure 415 a photograph of the resulting pattern.
Photographs were taken of each mterference pattern observed. These photographs.
N intcr!‘crogr;tms. were processed in order to deterimune the density profile. The processing
A quired photographic enlargment. digitizing and numencal analyvas, The following wee-
: ton s devoted to desenibing termis used inanaivzing the interferograms.
q C. INTERFEROGRAMS
An mterferegram v a photographic reeord of a0 pattern preduced byoan
wrerleromieter. I s eapermment three separate Madh-Zehnder tipe mterferemeters
; were used at ditlerent locations to deternune the denaty profile of a test el containg
4 4oceseous nunare of N and N2 The Uoliore charadienaies are uted 1o dowerneg
i patternon anamoniore e Fooner S e shondh v thoe tor ey e
L]
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The edge of the interferogram towards which the peaks of the fringe line are
displaced is the top. The bottom of the interferogram is the edge directly opposite
the top.

2 cm reference mark.

In order to establish a scale between the interferograms. a 2 centimeter refer-
ence mark was devised and located in the field of view of the camera. This device,
a periodic 2 cm square-tooth pattern was used for each interferogram. Portions of
the device are visible in Figures 3 and 4. In Figure 5 the device is shown at the top
of the sketch. The distance from the right-most corner of one tooth. to the right-
most corner of the next tooth was 2 cm.

Fringe line:

The interference pattern showns in Figures 3 and 4, also sketched in Figure 3,
consist of alternating regions of black and white. Although either region could be
used to define a fringe line, the black region is more clearly defined visuallv. Thus
throughout this description, a fringe line refers to a line in the black region which
1s halfivay between two white regions. IFigure 5 shows a sketch of two typical {ringe
lines.

Fringe number

The fringe number was arbitrarily chosen to be the number of fringe lines from
the bottom of the interferogram. In Figure 4, the third fringe is found by starting
at the first black region at the bottom of the interferogram. The fringe line in this
region is fringe number one. The next black region encountered as one moves {rom
bottom to top 1s {ringe number two. contains (ringe number two. The next region
contains fringe number three and so on.

Zero fringe line. ,

A local term used to denote a straight line passing {rom the left-most edge of
a fringe line to the right-most end of the same {ringe line. This line corresponds to
the interference pattern which would be present if there were no fringe displicement
(1.e., no absorbing gas in the test cell). Two of these zero fringe lines are annotated
in Figure 3.

Fringe displacement.

The distance measured 1n fringe lines above the zero fringe line. It is due to
the decreased optical path length created when the gas muxture absorbs 10.6
radiation. To determine [ringe displacement, one must [ind the distance between
successive zero [ringe lines. A ratio of these numbers vields a scale fuctor from
which any distance measured along the vertical can be converted to a [ringe value.
In Figure 5. fringe number one has zero [ringe displacement at the far left and the
far right. The peak of this fringe line is approximately 1.25 fringe lines.

Vertical reference line.

A verucal reference line was drawn connecting the peaks of the [ringe lines.
This line was parailel to the verucal faces of the square tooth but was not neces-
sartiv perpendicular to the zero e hoe.
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D. SUMMARY OF EXPERIMENT

In this chapter the experiment and its recorded results are described. The n
in trving to Jdeternune the density prosile and subseguenty the characienstio
reduced-density chanrel. s to interpret the mterferograms Tius mterpretaton o oot

ducted in the next chapter.
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II1. DATA REDUCTION

Photographs of the interference patterns were taken shortly after the CO2 Laser
encrgized each gas muxture.  These interlerograms provided a record from which the
fringe data. the relatuonship between tringe Jdisplacement and displacement along the
zero fringe line, would be obtained and the on-axis density determined. Once the fringe
data was obtained the density profile and subscquently the reduced-density channel
characteristics could be determined. This chapter describes how the fringe data was ex-
tracted from the interterogram and placed into data files. These files will be analyzed
later by the Gaussian and Abel techniques to determine the characteristics of the
reduced-density channel formed in each gas mixture.

A. PHOTOGRAPHIC ENLARGEMENT

Determining the fringe data required making measurements directly on the
interferogram. To facilitate this procedure, each original interferogram, a photograph
measuring approximately 3 ¢cm by 3 cm. was enlarged. The enlargement process was
accomplished using a specially modified 35 mm camera fitted with a zoom lens. The
image observed in the field of view of the camera was converted to an electronic signal
and simultaneously passed to a video screen and Tektronix photo-copier. While moni-
toring the video screen, the focus of the camera was adjusted until a clear image of the
2 c¢m reference marks and interference pattern filled the video screen. The ‘copy’ button
of the photo-copier was then depressed. resulting in an enlarged photograph of the
interferogram. Some interferograms were not capable of being cnlarged with the 2 ecm
reference marks visible. For those interferograms. a scribe was used to mark the refer-
ence points on the orignal photograph. The scribe marks enhanced the image of the
reference marks and made them visible in the enlarged interferogram.

Each enlarged photograph therefore contained a set of marks which measured 2 cm
in the original interferogram. The distance between these marks varied with cach
interferogram as a result of the focusing adjustments made during the enlargement
process. Thus, all distances could be scaled to the common 2 cm reference mark and

continuity was maintained bhetween photographs.
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" Having enlarged each iaterferogram. the next step in determining the density prolile
2 and subsequently the characteristics of the reduced-density channel “vas to diziuze the
& .

¢ enlarged photographs. Before digitizing the interferograms. a one-time check of the
o combined effects of digitizing and enlarging was conducted by comparing an onginal

]

:: drawing to an enlarged copyv of the same drawing. A line was drawn on a prece of gruph
‘ . . . . . . . . . .

.f: paper and eight casily identifted points were then digitized «See Figure ¢). The drawing
Ki . . . .

! was then enlarged, using the process outlined above, and the same eight points on the
i enlargement were digitized. The original and resulting coordinates are listed in Table 1.
§)

4 A review of this Table illustrates that the maximum difference between the original and
{ oy .

N the enlarged copy are within .04 cm of each other. The mean difTerence between the or-
¢

" iginal and the enlarged copy was no greater than .02 cm for both the vertical and hori-
-h\' zontal components. [t will be shown in chapter 6 that the crrors gencrated by the
:: enlargement process did not significantly effect the results. The next step in determining
) . . .o .

y the density profile was to prepare the interferograms for digitization.

B. DIGITIZING PREPARATIONS

By In preparation for digitization, each enlarged interferogram was reviewed and the
D

5 following items identified by marking on the photograph. Figure 7 is a sketch of an
% . N e

. inteferogram prepared for digitizing.

. ® 2 cm. reference marks.

! The 2 cm reference mark was identilied by drawing a line from the lower right

corner of the left-most square tooth, R1, to the same corner of the next square ;

‘ﬁ tooth, R2.

X

g * [ringe lines to be digitized.

Two fringe lines per interferogram were chosen to be digitized. These [ringe

! lines were normally picked based on their clarity and proximity to the center of the
g interferogram. Three fringe lines labelled F1. F2, and F3 are shown in Figure 7.

: e Vertical reference line.

K\ A vertical reference line was drawn connecting the peaks of the fringe lincs.
¢ This line was parallel to the vertical faces of the square tooth but was not ncces-

. sarily perpendicular to the zero fringe line.

‘D

o ® Zero fringe lines.

< Zero fringe lines werce drawn for many of the {ringe lines of cach interferogram.
K. These lines provided the basis for determining the fringe displacement and subse-
° quently the on-axis densitv. Three zero fringe lines have been drawn in igure 7.

b Having prepared cach interferogram for digitizing, the next step was translating the
. photographic information available from the interferogram to a form which would ullow
N numerical processing.
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e C. DIGITIZATION
KN . . . ‘ . :
KX Converting the photographic image of the interference pattern into a form which
[ At

b, . . C

- allows mathematical computation is the process of digitizing.
g . The first step in the process was to establish a rectangular coordinate system for the
'y . . . . . . . .
S interferogram. This was accomplished by designating the left-most point on the fringe
o1
! line as the origin. This point is labelled P(1) in Figurc 7. The vertical axis was made

parallel to the vertical reference line of the interferogram and the horizontal axis was

s . . . . . .
‘::" chosen perpendicular to this. With this reference system established any point on the
o . . . . -
':."\ interferogram could be designated by a vertical and horizontal component. The
) . . :
i HP-9111A Graphics Tablet was used to assign numerical values to these components.
o The numerical values are in digitizing units, where 1 digitizing unit is equal to 0.023
Uy,
(W] aqqs ~ . . . . .
) millimeter [Ref. 13]. The Graphics Tablet can be thought of as an electonic grid with its
tyt

(] . . .
K own rectangular reference system and units. The wand used with the Tablet had a spriny
R
iy . . .. . . .
- loaded tp. With the tip in contact with the Tablet and the spring compressed. the posi-
9 tion of the wand relative to the reference system of the Graphics Tablet was registered.
A' < <

1 - . .
;" This information was then passed to the HP-85 computer and stored in a data file.
' ) . .
:::: Securely fastened to the Tablet using adhesive tape, the interferogram was ready to
y .

be processed. This consisted of digitizing the following characteristics of the

DY .
W interferogram.
':k i
';:' \ e 2 cm reference mark. :
c'.‘ Digitizing the right-most corner of oue square tooth and then the same corner
s of the next tooth allowed the distance, in digitizing units, to be determined. This
e distance corresponded to 2 cm on the interferogram. Refer to points labelled R1
:. and R2 on Figure 7.
":‘. ¢ Distance between zero {ringe lines.
i Digitizing the intersection of the vertical reference line and a zero fringe line
® and the vertical reference line with diflerent zcro fringe line allowed a scale factor
o to be determined. The distance between these two digitized points represented the
:':: number of digitizing units per fringe. Refer to points R3, R4 and R3 of 'igure 7.
b Having previously determined the number of digitizing units per 2 ¢m, a value for
M ' the number of [ringes per cm was determined.
‘1.
® ¢ Fringe line.
KT All fringe lines, two per interferogram. were digitized in the same manner.
0y Starting at the lelt-most point of the (ringe line. point P(1) Figure 7. and proceeding
b sl P cns P et proceeciis
3 towards the right, approximately 33 points per line were digitized. (See fringe line

> . I'b of Tigure 7.) The last peint digitized was the right-most point of the fringe line,
" P(NT).
b7
.‘f& 9
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Ay the pounts on thie wlerieroyr s e Logtoed ey were meng stored o .
file. Each digitized trimge Lo alon, noln e Sogitiled oivrenee tOnty, was reearded oo
doseparate file
bach Liie conrained envl T TUD L@ TLC INNEY LT s L e
Jigitized. Tooorder 10 regannn i relatio sy L DelOen g G et e et

along the zero tninge hne, sotne Jata muasuraiation was needed.

Il nepls
consisted of correcting the digitized innge ane jor the angaiar dilerence between the
zero {ringe hine and the honzental reference hine. At tius paint (s smporiant o recall

that the fninge value s deternined b the dstanve the tnnge Lne s ey fron the oo

fringe hine-not the honizontal reference el The foilowinyg outlies the met!

1d uved n

writing 4 computer programn which conserted digttized data int Innge data.

D. FRINGE DATA
Ihe frinpe divpiacement as g tuncten of $stanee alony the sero e Do ot
a rectangular coordinate svstem. In order to obtuin tne raiationsinp, & coondante

transtormation was made. This transtormation regquired abigming the Bonzonta asis of

the Jdigitized coordinate svstem with the zero fninge line. The process outiuned bolow
follows closely the development of a computer program which performed the transtor-
mation. To assist in this deveiopment, the foilowing terms are Jefined.

-~

e J s a number assigned to the point digtticed. J =1 for the tirst point diciuzed, I =
tor the second. and so on.

e I is the number of zero Iringe hines between the fringe hnes dimuzed for fimgee
distance calibration. In Figure 7, the number is 11 R3 and R4 were digitized.
equals 2 if R3 and RS were digitized.

® V0 is the angle, in radians, between the zero fringe hine and the horizontal axis.

e Dl is the distance, in digitizing units, between the 2 cm reference marks.

® D2 is the distance, in digitizing units, between zero {ringe lines digitized for a ref-
erence.

e N1 is the last point of the fringe line digitized; the right-most point.

¢ N1 1s the horizontal component of a point n digitizing units.

¢ Y1 is the vertical component of a point in digitiZing units.

¢ AiJ.1)is the horizontal component of a digitized point J.

*

A(J.2y is the vertical component of a digitized point J.

[n IFigure 8, one of the many {ringe lines of an interferogram has been sketched and

annotated to snow the geometry ol the coordiutte trans{ormation. Having idenalied the
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geometric relationships in the interferogram, the next step in generating fringe data was ’
referencing all digitized points to the origin. This referencing was accomplished oy ‘
subtracting the coordinates of the origin [rom cach point digitized. As shown: .
X=.1J1) - 11 (3.1 K
.
Y1=A(J.2) - 4(1.2) (3.2) o
The next step was to determine the angle between the zero [ringe line and the hori-
zontal axis. This was accomplished by using the first and last points of the digitized .
fringe line. The rutio of the difference of vertical components to horizontal components
was the tangent of the desired angle, V6.
o= AN — A(1.D (3.3) g
Y6 = A(N1.2) — 4(1.2) (3.4 .
. - 16 -
I’/6=ARCT1"1. - (-’-D) .
Yo .
With this angle determined, the next step was to relate the horizontal value to a l.
value along the zero fringe line. Since the horizontal component was the projection of o
the zero {ringe line onto the horizonwul axis, the distance along the zero [ringe line, RS, y
r
was found by: '
‘
Ryl . -~
=T T < (.J() v
cos(1o) [5:0) -
r
Converting this into centimeters vields the horizontal component of the fringe data =
RS(J)= RS x 2 x D1 (3.7) .
The final step in determining the [ringe data was to {ind the fringe value of a verticul ¥
component. This was done by {inding the contribution to the vertical component made ;
by the zero fringe line and subtracting it from the digitized vertical component. "
The vertical contribution of the zero fringe line . Y8, was determined [ronu )
S = Y1 tan(16) (3.8 ’
F
L
This value was subtracted from the vertical component of a digitized point and 3
linding its projecton wlong thie horizontal ans, :
I.
[ n
N
J
-}
o
-
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The fringe value wus tinaly ootaned by mulipiting DI by the ratio of Ininges to
digiroing ants,

Fx .
=T (310

Y
tHence the fringe data onginally observed on the interferogram was converted into

a numeric torm, RS$(J), Y3(J) which aliowed mathematical processing.

E. SUMMARY

Digiuzing the interferogram was necessary to allow mathematical processing by the
computer. In the process, determining the relationship between the fringe displacement
and the zero fninge line was requured. Having accomplished this, determining the density
profile and subsequently the charactenistics of the reduced-density channel, using the
computer was possible.  This determunation was conducted usiny two separuate tech-
niques which are addressed in the following chapier.
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1V. GAUSSIAN ANALYSIS

A Reduced-Density Channel was generated by firing a CO?2 laser beam into a test
cell filled with a gas mixture of N2 and NH3. Mach-Zehnder tvpe interferometers were
positioned at different locations along the test cell and the resulting interference patterns
were recorded on photographic film. These records, interferograms, were analyvzed using
Gaussian Analysis ana Abel Inversion techniques. This chapter is devoted to the devel-
opment of the Gaussian technique and the numerical manipulation required to obtain
the characteristics of the reduced-density channel from the digitized data files using the

Gaussian technique. The Abel technique is addressed in the next chapter.

A. THEORY
The Gaussian technique used to determine the characteristics of a reduced density
channel was originally developed by Czuchlewski for his experiment with a test cell
containing N2 slightly doped with SF6 {Ref. 8: pp. 11-14]. This technique will be pre-
sented by first considering a uniform square channel and obtaining a relationship be-
twzen the on-axis density, fringe displacement and full width at half maximum. The
square channel case will then be generalized to cover a non-uniform channel. The result
will be a relatonship similar to the square channel case, but applicable to the
interferograms obtained in the reduced-density channel experiments. In this develop-
ment a link between the Gaussian and Abel techniques wiil be identified along with Kev
values used in both techniques. These key values are listed in Table 2. [laving deter-
mined a relationship between the on-axis density, fringe displacement and full width at
half minimum for a non-uniform channel, its application to the stored data files will be
described.  The results of the Gaussian Analysis for each fringe line are presented in
Tables 3 through 6.
1. Square-Channel
Consider a hypothetical situation in which one leg of the interferometer is
passing through a square channel. This channel and the resulting interference pattern
are shown in Figure 9. Designating the width of the channel as I, the optical path Jil-
ference, OPD. between the arms of the interferometer can be related to the index of re-

fraction in the channel and n the reference beam by

GPD =t —nu) < (3.
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where

e 1, is the index of refraction in the channel.
¢ a is the index of refraction i the reference arm of thie mnterteromere:
One fringe shiit equates to a phase change of 2= [he tnnge shotdent el o
Figure 9, AF. is the optical path ditference divided by the waselenygtin »0 Sutsuruting i

in equation 4.1 vields a relationship between fringe siult. Al . and channel v don

1" LY
LN o
AF =(n,~n,)— ~ 2 "
2 .
The index of refraction is related to the mean pelanizaiality 2, of a gas i €GS
notation through the Lorenz-Lorentz relation {Refl 13 p N7 R
N 3 =1 3 e—1 - 2
= - = - (-
S LA N N AR A
where .
[4
e ¢ is the diclectric constant. f
’
* nis the index of refraction. p
¢ N is the number of molecules per umit volume.
)
® o=
bt
Making use of the approximation that the indey of refraction of a pas s nears ‘
unity, equation 4.3 can be reduced to: R
n”—1 ) .
& =— td < .
4=\ )
'-
Rearranging equation 4.4 and solving for the indey of refraction wields. 0
[
: )
n=(1+dza\) "’ d 5, -3
Applving the binonual expansion theorem to cquation 4 3 and discarding thie higher or-
- ) ')
der terms vields: p
’,
4
=1+ 2=2\ S o
14 N
\
®
"
“r
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L) . . . )
! [n order to obtuin a relationstup between the tnden of refractnn and the denaiy,
. d4oconnecuon between the mean polarizabuity, 2 and denus v st nemmade e peru-
' .
: nent connecuon s made through the moiar retracnven . VIRer Ia sy
: | . :
" o3 v oo R -l -
: =T <1\, = & ~ -
: 3 ‘ I 3
: where
e R s the deal gas constant
e T s the temperature in degrees Kelvn
A ® Pis the pressure of the gay
e V15 Avagadros number.
. Solving equation 4.7 tor the indey of refraction, n, and uany oniy the Hrst order
X ‘
K terms of the binorual expansion theorem vields:
q
3P
D n=]+—— JS
2RI\, (4.9)
)
)
N Recognizing that the density of a gas, p , can be expressed as:
L] 1)
) P = ——— (4.9)
‘ Rl
-
and solving equation 4.8 for the index of refraction in terms of density vields:
Jp
n—1= —RL (4.1
2\,
[, From cquations 4.3 and 4.7 one observes that the mean polarizability, 2. and the molar
e refractivity, .\, are constants. This is confirmed by Born and Woll [Rel. 14: p. 88} as thev
. demonstrate that the molar relfractivity of air varies less than 2 percent between pres-
5 sures of 1 and 42 aunospheres.  In their development of the Gaussian analvsis,
v ~ - ~ . - -~ . ~
L Czuchlewski et al., "Ref. 8: p 11], regard the index of relraction as a product of the
4 . . .
. density, p,and a constant, Hence equution 4.10 can be written as:
X vop |
W
o
0' II—I:K/; (—1[1)
v wlhere
. AN} b~
: i
" 15
D
)
i
4
4
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(4.12)

Substituting cquation .11 into equation 4.2 vields u relationship between the

fringe shift and the densityv of the gas mixture.

(K., — K,p, )T
AF = - P, - Py
/2
where
* . 1s the density of the gas in the channel

e p,1s the density of the gas at ambient conditions

Since it has been determined that A, and subsequently K. is constant, equation

4.13 can be written as:

Kr(pL —po)
- /

AF (4.14)

Defining 6 as the ratio of the on-axis density to the density at the channel wall,

allows equation J.14 to be written as:

(0 =DKTp,
pl

AF = (4.15)

Hence equation 4.15 provides a relationship which allows one to determine the
ratio of densities in a square channel test cell by measuring the fringe shift and the full
width at half maximum,

< AF,
=] — L2 4.1
0= l r[),)r ( ())

ot Relbyilolriid b

Having developed equation 4.16 for the case of a square channel. the next step

1s to generalize the procedure for a channel which is indicative of the interferograms.

%

2. Non-Uniform Channel
Consider the interferogram sketched in Figure 10, This represents a non-uniform
channel in which the channel density and index of refraction are tunctions of position,
(N.Y). The optical path difference at a position ajong the v axis can be obtained by .n

mtegral along the X anis,
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. OPD(Y) = J_L[NC(,\; 1) = n,JdX (417
[}

3 . where L is large enough to extend bevond the limits of the channel. Using the delinition

“ g

’ of tringe shift. A [, and 1eplacing the indices of refraction by there equivalence “n terins

: of density vields:

¥

3 Ko, 1= . \

: Ay =—2 J [00Y, 1) = 174X (4.19)

X .

L)

L)

¢ Therefore the square channel case, when expanded to cover a general non-
uniform channel vields an integral relationship between the {ringe shift and the ratio of
densities.

/ . . -

' The method chosen by Czuchiewski to solve the integral [Ref. 8: p. 13] was to
! pick a density profile which was cylindrically symmetrical. The function chosen. o (r).
" was a Gaussian function and its characterisitics were similar to the actual
» interferograms.

’i
)
' < < —2.8/*
o(r)=1-(1-=9,) exp( —=—) (4.19)
r“
.
where
® o, is the ratio of on-axis density to ambient density.
o [ is the full width of the channel at the half minimum density.
In order to solve equation 4.18 the chosen density profile was converted from
cvlindrical to cartesian coordinates. This conversion allowed equation 4.19 to be written
. as:
q
: N : —2.80Y7 4179
JX N =1—(l=-0)exp[ ————] (419

: I
y Upon substituting equation 4.19a for § (X.Y) in equation .18, one obtains the
', _ following expression for the {ringe shift:

[
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The integral or equation = 200 s Gaassian and s souabion aaows the e sjult

to be ontamed frony
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Evaluaung equation <421 at Y =0 velds an expression for the non-unijunn
channel density which closely resemibles the relution obtained tor the square Channet

Keg I b 4

Since AF and ' are measurable quantities on the interferogram, the rutio of

on-axis density to ambient density can be Jeternmuned (rom the foilowing:

. AFIO) y 2.8 .y
-1 = 1
o=l g, R ‘

tv
aa

Hereafter the ¢, will be referred to as channel density.

B. EVALUATING TEST CELL PARAMETERS

[n the previous section of this chapter a relationship for d. was obtained in terms
of the fringe shift, AF , full width at half maximum, T, and some test ccll paran rers,
cquation 4.23. Before determining the density prolile, these parameters were evale.ed.

I'irst consider the parameter / which represents the wavelength of the laser used in
the interferometer. This experiment used a HE-NE laser for the interferometer light
source which has a wavelength of 633 nm in vacuum. This wavelength changed with
each gas mixture used, however it was deternuned that the change, Inm. was not sig-
ntficant. Hence the value of /4 was fixed at 633nm throughout these calculations.

Next. consider the parameter, p,, this represents the density of the gas in the refer-
ence leg of the interferometer. Tt was assumed that the ambient conditions for cach ex-
periment were the same, 300K and 600 torr. From the ideal gas law the ambient density

was found to be:

A conzen 363 x L0 molesfern” = 1906 x 10 ol "
§= —— = — - = 3103 < 1) Tmodesfont = 1900 < 10 molocrdes. cm
POTORT TSI < a0 st venet
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The third parameter, K, is proportional to the molar refractivity of the gas minture,
(See equation 4.12). The following describes the procedure used to obtain the molar
refractivity and subsequently the value of K tor euch gas nuxrure.

Born and Woll state that the molar refracuvity of a gas mixwure 1s cqual te the
weighted average of the molar retractivities ot the consutuents [Ref. 14: p. 39 For the
NH3-N2 experiment this can be written as

Nemdvi + Vady

Avp-n = (4.24)

Nvaz + Va2

where
¢ Ay s is the molar refractivity of the gas nuxture
* ., is the molar refractivity of NH3

e {.is the molur refractivity of N2

N 18 the number of NH3 molecules mn the test cell

N is the number of N2 molecules in the test cell

Therefore to obtain K for a particular gas mixture, the molar refracuvity of NH3
and N2 must be determined. The molar refractivity, equation 4.7, is a tunction of the
index of relraction and the density.

Consider first molecular nitrogen, N2. In order to determine its molar refractivity,
A, the index of refraction at 633 nm was deternuned.  This was accemplished by an-
terpolating between the values given for 346.1 nm, 10002998, and 6¢36.3 nm, 1.OOOZIS2,
at 0° C and 760 torr [Ref. 13]. The value obtained, 1.00029834 was then corrected to
300K and 600 torr using the Biot-Arago law [Ref. 16: p. 533].

n,— 1 P
1 +.00307t 700

n—1=

where
* 1, is the index of refraction of a gas at temperature, t (degrees Centigrade)
e #_is the index of refraction of a gas at 0 C and 700 torr
e tis the temperature of the gas in degrees centizrade

e P s the ambient pressure in torr.

lhoving performed the above corrections, the index of radraction for N2 at ¥ Kand

GO0 tory was determined to be 1,000 2 14440,

=" ", ;'.\'\-_' ¥ a e AW - .
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Tl The tabulated value of the index of refraction for NH3 at the wavelength of sodium
4 D light. 389.5 nm, was available trom the Smithsonian Tables [Ref. 16: p. 333]. Insulli-
4y cient information prevented interpolating to obtain the value at 633 nm. Considering the
ditference to be quite small, the value at 389.3 nm, 1.000376, was used throughout these
Xy calculations. This value was then corrected for temperature and pressure using the same
X procedure outlined previously for N2. The index of refraction at 300K and 600 torr was
- determined to be 1.0002700.
The next step in determining the molar refractivity was straightforward application
., of equation 4.7. This yiclded a molar refractivity for N2 as 4.317 ¢n® per mole and for
e NH3 5.688 ¢m® per mole.

Having determined the molar refractivity for N2 and N3 equation 4.24 was uscd
to determine the molar refractivity ot the gas mixtures. These values are listed in Tuble
.n& 2 along with the values of K, which were determined from the previously developed re-

) lationship

0 K= 3. (4.11)

As will be shown later. K is the link between the Gaussian and Abel technigues.
Having determined the numerical values of 4, p and K, the relationships for denvity,
Ky cquations 4.16 and 4.23, can be reduced to the following:

" or uniform square channel

\ - AF

= B i

Ty

['or non-uniform square channel

@

. A0) A~
«)O—l—m (4.27)

Kp,

where ¢ = —
/

LA

-
»

P4
KR SRS G 9 W

Table 2 hists the value of ¢ and other important parameters for cach gas nunture

o L BN

used in the experiment.
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4 C. TEST CASE

W« . . . . .

) Thus far in the development of the Gaussian analysis an algebraic expression has
it}

“ been obtained which allows one to determine the ratio of on-axis density (o ambient
N density for a non-uniform channel. equation 4.27. A test case was generated to check
“t - . . L . .

“ the accuracy of this expression prior to applying it to the actual interferograms.

“. . ~ . . - - » .

N - The test case was a hypothetical cell filled with 600 torr N2 at 300K. Equation 4 21

was used to develope a fringe pattern in which I’ was equal to the squaie root of 2.8 and

& < . _ .

W 9, chosen to be 0.1. These conditions reduced equation +.20 to the following:

¢ ° 4 g

U

Wy 2
:‘, AF(Y)=3.40exp( —Y9) (4.28)
¢ )

. Equation 4.28 was then solved for the value of Y which vielded one-half the maxi-
)

) . . . . - . .
i:: mum fringe shift. Twice this value, 1.67 cmi. corresponds to the [ull width at half maxi-
at mum. Evaluating equation 4.27 at this value of I, vielded a channel density of 0.10. Thus
4

() the equations developed provided self-consistent results.

')
KX D. APPLICATION TO EXPERIMENTAL DATA

§ . . R .

3‘ Having determined that the equations developed for a non-uniform channel pro-
K

’ vided self-consistent results, each [ringe line was analvzed. Due to the asvmmetry in the
.i actual interferogram, (Sce Figure 11). three different values of the full width at half
b maximum were obtained. These different values correspond to

D o . . i

.: e [, the value obtained if the right side were the same as the left side.

4 ¢ [, the value obtained if the left side were the same as the right side.

9§ . . .

s ¢ [, the value obtaincd when the left and right side values are averaged.

3

:‘ A computer program was developed which determined the value of T and the value of
‘ Al and then computed the value of the channel density. The results of this program are
w4 . .. “

- listed in Tables 3 through 8.
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E. SUMMARY

The characteristics of the reduced-density channel are determined by the channcl
density and the full width at half maximum at a particular location along the test cell.
These characteristics have been determined from a method ol Gaussian analysis devel-
oped by Czuchlewsii and are listed in Tables 3 through & While this method assumes
the density profile is Gaussian, it provides a rapid means of determining an approximate
density. Recalling equation 4.27

. AF0)

__ _AFO) o
o= 1~ To50er (4.27)

it 1s clear that upon measuring the peak fringe shift and the full width at half maximum
a rapid determination of the channel density can be made.
In the next chapter the Abel technique will be used to obtain the same reduced-

density channel characteristics.
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V. ABEL ANALYSIS

In the previous section a method for determining the ratio of on-axis densitv to
ambient density and width of the reduced density channel was developed assuming the
density profile had a Gaussian shape. In this section a method will be developed which
makes no such assumption concerning the density profile, but requires the profile to be
cylindrically symmetric. This technique was originally developed by Neils Heinrik Abel
in the early 1800s in his solution of a mechanics problem. In this section the Abel
technique will be developed, applied to a test case and then applied to the interferometric
data obtained during the reduced density channel experiment involving NH3-N2 gas
mixtures. The results of this analysis are listed in Tables 9 through 14 and provide a

determination of the density profile which is representative of the interferometric data.

A. ABEL INTEGRAL TRANSFORMATION

In his short life Neils Heinrik Abel made numerous contributions to the field of
mathmatics and science. The significance of many of his contributions were not recog-
nized until more than 100 vears after his death in the late 1820°s. One area of science
which has greatly benefitted from his work is the study of plasma spectroscops.

While attempting to solve a mechanics problem regarding the velccity of an object
along an arc [Ref. 17: p. 97], Abel determined that if a given function, H(a), can be re-

lated to another function ‘¥ by

a
b d .

Ha)= | ————- S

@=| == (5.1)
then ¥ can be obtained from

, X
W= sm-t,urt H(u\aj(i (3.2)
! 0 (x - (1)‘ .

where 0 < p < 1. The full development of this result is available in pages 97 through

103 of Reference 17.
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As mentioned this integral transformation is widely used in plasma spectroscopy. In
that application the emissivity of a plasma source is deternuned from the intensity
measurements. In the development of this emissivitv-intensity relationship for use in
plasma spectroscopy, Griem [Ref. 18: p. 176] lound the intensity of an optically thin

plasma contained by a cylindrical column of radius R, to be

R
e(r)dr

— (3.3)
y (rF-YH"

(ROZ - YZ)‘.".
1(Y)=2 fo £(r)dX =

Using Abel’s integral transformation the following determination of the emuissivity was
obtained (See Figure 12)

T

R,
8(r) = =1 J "gp (Y2 =2y (5.4)

where aly) is the derivative of I(Y) with respect to Y. This same method is used

-
througho({l}t plasma physics in order to determine the emissivity of the source (See Refs.
19 and 20 for examples).

Typically the intensity is a measured quantity and not a differentiable function,
hence the solution is accomplished by numerical analysis. Numerous methods of solving
equation 3.4 numerically have been identificd, some of these may be found in references
21 through 25.

Having identified the Abel integral transformation and one of its more widely used
forms, the next step was to find an expression between the {ringe data and the deusity
which satisfied the relationship expressed in equations 5.1 and 3.2 . Once identified. the
Abel transformation was performed and resulted in an expression for the density as an

integral function of the fringe shift.

B. APPLYING THE ABEL TRANSFORMATION
In the Gaussian development an integral expression between fringe shift and density
was obtained for the case of the non-uniform channel, equation 4.18. Considering the

radial symmetry of the gas, defined by

r?' - 1\’2 +}’2
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Equation 4.18 was written as

Kp,

AR =—

L -~
J._L[O(r) — 14y

Substituting for JX, its equivalent vielded

R,
2Kp, [3(r) = rdr

AN = | S (5.7)

Performing the Abel Transformation on equation 5.7 yielded an expression for ratio of
the channel density to ambient density

—, (®aARD
Koo |- dY

AF(Y)

where —r 1s the derivative of AF with respect to Y. Hence the ratio of the densities,
o(r), can be determined by solving the right side of equation 5.8. Attempting to solve

5(r)—1=

(Y2 = A"y (5.8)

this analyvtically for any but the simplest cases is extremely diflicult. Consider as an ex-
ample the Gaussian test case of the previous chapter. Substituting the derivative of the

Gaussian fringe pattern into equation 3.8 produces

R, 2.
- 10.8Y exp( — Y)Y

. (5.9)

45 r)— 1 =
( Kpo . (YZ_rZ)z

Thus even for the situation where the fringe data is given as a differentiable function.
numerical analysis 1s required to solve the right side of equation 3.8.

Having determuned that the Abel Integral transformation can be applied to the case
of the reduced-density channels. the next step is to determine the method used to obtuin
a numerical solution to equation 3.8.

As mentioned use of the Abel integral transformation in determining the emissiviry

of a plasma source 1s well documented. [t is believed that this 1s one of the first uses of

this method in determining the density profile from interferometric data. Solution of this

expression, line most Abel integrals is best performed by numerical analdvsis, In this case
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an analytic solution is not readily available. In the case of plasma spectroscopy the in-

tensity is a measured quantity, and not a diffeientiable function. The next section de-
scribes the method used to determine the reduced density channel characteristics using

a numerical solution to the Abel integral.

C. NUMERICAL SOLUTION

A sketch of the test cell is provided in Figure 13. This slice of the test cell provides
the foundation upon which the Abel technique was developed for obtaining the reduced
density channel characteristics of the NH3-N2 gas mixtures.

In the development, it was assumed that a radially symmetric density profile existed
after the gas was energized by the incident CO2 laser beam. Further it was assumed that
the region could be divided into an infinite number of concentric regions in which the
index of refraction was constant. To illustrate this [ligure 13 is divided into four regions.
The index of refraction at all locations in region o is the same. Likewise the index ol
refraction for all locations in region y is the same and so on for regions # and v. This is
not to imply, however that the index of refraction in region ¢ is the same as in regions
v, n or v. Having made these assumptions, an expression for the optical path difference

along a chord, C, was determined in terms of the notation in Figure 13.
Co=2{n, =1)(ri = ¥ + (0, =DICF =1 = (] = YD1+ ) (5.10)

Expanding this as a serics of N\ regions vields the following

N—

1
C=2) (= DA =D = (P = D" (5.11)

=i

In order to obtain an expression for the index of refraction, the right side of equation

5.11 was manipulated to obtain
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In continuing with the development of the Abel technique, a relation between the

index of refraction and density was required. This relationship was identified in the de-

velopment of the Gaussian technique as equation 4.1 {.
n—1=Kp (411

Writing the previous equation in terms of density and substituting the equivalence of
optical path difference, OPD = AF (Y) /, vielded the following

N=-1
BETYE = ) 2= D0 = 1) = = D))
=4} [ (5 13)

I

Pi

This equation can be solved by starting at the outer edge of the test cell. X =R, .und
proceeding towards the center, X=0. Having obtained an expression for p,, the next
step was to determine the ratio of gas density in the channel to the ambient density. This
ratio was obtained by scaling the density in the channel. Recall that the densityv along
the axis was determined to be less than the density along the walls of the test cell. De-
fining a scale comparable to that of the Gaussian technique, d, was set equal to:
Jo,=1- % (3.14)
One can observe that from equation 3.14, the value of §, is 1 at the wall of the cyvlinder,
p.<p, , and decreases at positions close to the center cf the channel.

Having determined a relationship for the density in the channel, a computer pro-
gram was developed which extracted the density profile of the channel from the (ringe
data. This method was then checked using the Gaussian test case developed for the
Gaussian technique. Application of this test case to the Abel technique is described in

the next section.

D. TEST CASE

A method of obtaining the density profile of the test cell using the Abel technigue
was developed in the previous section. This method was checked using the fringe pattern
described by equation 4.28 and found to provide reults of J, which agreed with test re-
sules to within two decimal places: the results of T agreed to within 0.07 ¢m. Table 13

hses the Abel and test resalts for o, and T for cach gas mixture used. As an example of
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the resultant density profile. the Abel determuned prolile for 600 torr N2 obtained from
the fringe pattern described by equanion 4.28 15 plotted in ieure 14, The vulues used
to generate the plot are provided in Tuble lo. Having Jdetermuned the Aba methiod
produced results which agreed with the test cases, the density pretile tor each fnmge ane

digitized was determined.

E. APPLICATION TO EXPERIMENTAL DATA

After determining that the Abel technique produced satisfactory results, each tnnge
line was analyzed to determine the density profile. In doing so it became clear that the
slanted interferogram, characteristic of the NI13-N2 gas nuxtures, presented a problem
that was not encountered with the test case.

In the test case, the fringe lines were divided into two parts and the density profile
of each part matched at the origin. In the case of the actual interterograms the Jdifference
m fringe patterns on either side of the division line precluded a mateh at the ongin. This
difference is consistent with the development of the Abel technique, however it violates
the assumption that the densityv profiles were cvlindrically svmmetric. At this point the
assumption was made that each part of the fringe line represented halfl of a symmetric
fringe line. The value of §, to be used in the analysis of the results was an average of
the values obtained for both parts of the fringe line. The same procedure was used for
determining the value of T'. The results of Abel analvsis on cach [ringe line are listed in
Tables 9 through 14. The values of 9, are provided [or both sides of the division line as
well as the average between the two sides. These three values can then be thought as
defining the minimum. maximum and most likelv value of the on-axis density and

channel width.

F. SUMMARY

The Abel technique provided a means to determine the density profile of a gas
nuxture heated by a CO2 laser beam. [rom this densitv profile a determination of the
reduced density channel characteristics was possible. In the next chapter results of the
the Gaussian and Abel techniques will be used to determine relationships between the

channel characteristics and the variables of the experiment. energy and NII3 pressure.
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VI. RESULTS

[nterferograms made shortly after a CO2 laser energized a test cell containing vari-
ous mixtures of N2 and NH3 have been analvzed using two different methods. These
methods, Gaussian and Abel, have been described in detail in the preceding chapters. In
this section a comparison of the two methods and some general observacions will be

made concerning channel formation.

A. GAUSSIAN-ABEL COMPARISON

A summary of the experimental results is provided in Tables 17-22. Included in
these tables is a comparison between the Gaussian and Abel determined values. The
closest agreement between the two methods can be found in Table 19. In that Table the
results of the experiment for a test cell containing a gas mixture of 135 torr NI13 are
listed. At 112 cm along the test cell and for a laser energy of 84 joules, the Gaussian and
Abel determined values of §, differ by 1.7 percent. Under the same conditions the values
determined for I" differ by 3.6 percent. This fringe pattern and the Gaussian curve ob-
tained by using values of AF and I obtained from the fringe data are plotted in Figure
15. As expected the two methods vield similar results when the fringe pattern has a
Gaussian shape.

In some cases, however, the fringe data are not Gaussian shaped and the analvtic
analvsis is not expected to be very accurate. Consider the results of 5 torr NII3 listed
in Table 17. At 51 c¢cm and for an energy of 31 joules, the values of J, and I' obtained
by the Gaussian and Abel methods difter appreciably. For g, the two analyvsis methods
vield results which differ by 21.1 percent; the values tor ' differ by nearly 331 percent!
This fringe line and the corresponding Gaussian curve are plotted in Figure 16. It is
apparent from the differences between the curves that the fringe pattern is not Gaussian
shaped. Recalling that the Gaussian method uscs the maximum fringe shift and the {ull
width at hall maximum to determine the value of é, and that the Abel method uses all
the points digitized along the [ringe line, 1t is easily understood why the two methods
vield different results for non-Gaussian shaped fringe patterns.

In general it can be stated that the smaller the difference between the Gaussian and
Abel determined values of J, and T the more nearly the {ringe line approximates a
Gaussian shape. A\ review of Tables 17-22 reveals that the Gaussian determined M and
the Abel determined [ difTer by more than 20 percent e all but § of the tringe dnes.
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The corresponding values of o, in these instances differed by less than 3.3 percent.

Hence less than 20 percent of the experimental data was Gaussian shaped. For this

reason analvsis of the reduced-density channel formation will be based on the results

obtained from Abel method. E
The Gaussian method was developed to provide a quick assessment of the channc| !
formation. From these experimental results it can be stated that tor fringe patterns of !
Gaussian shape, it vielded results very similar to those obtained from the Abcl method.
For non-Gaussian shaped fringe patterns, it can be stated that it vields values of o, ‘
within 31 percent of the Abel method. As for the values of I’ obtained, the Gaussian
method provided results which were always greater than or equal to the Abel results.
Hence, for this experiment the Gaussian method identifies the largest channel width _
possible. .
)
B. ACCURACY OF RESULTS ‘
In order to provide a determination of the accuracy of the entire process from pho- .
tographic enlargement through the determination of J,, a series of error estimates were '
made. In these calculations it was assumed that the largest probable error in digitizing )
a fringe line would be 10 percent of the actual value. Using the {ringe pattern deceribed d
by equation 4.28 two new fringe patterns were generated each differing from the original N
by 10 percent. One of the fringe patterns generated consistently diflered by 10 percent ' .
more than the original pattern; the second pattern generated consistently difTered by 10 :
percent less than the original pattern. The results of the Abel determined values of 0, at -
cach gas mixture are plotted in Figure 17. As can be observed a difference of = 10 4
percent in the {ringe pattern results in a + 0.09 differnce i d,. Since the assumption of
.
10 percent error incorporates the error introduced in the photographic enlargement
' process and covers erratic digitizing errors, there is confidence that the values of o are K.
accurate to within + 0.09.
LY
C. ANALYSIS OF RESULTS N
y The Abel method is more dependent on the shape of the entire [ringe Line than the =
Guussian method. To gain insight into the meaning of the results listed in Tobles 17222, N
several plots of the Abel determined values of & =nd [ were made. The results could R
be plotted in numerous wavs, [or exampic . as @ functon o NN concenuration, haser ’.
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energy, distance {rom the entrance of the cell. etc. The methods chosen to represent the

resuits are J, as a function of laser energy, Figures 18-22, and J, as [uncuon of distance

from the test cell entrance. Figures 23 and 24. These two methods will provide a means

to compare the results to the results of the SI'o reduced-density channel experimernt.

1. Channel Density

The following observations were made {rom the plots of 0 as a function of en-

ergv and with NH3 concentration and distance from cell entrance constant parameters

(Figures 18 through 22).

At 51 ¢cm from the entrance of the test cell ( Sce Figures 1S und 19):

The plots for 3 torr and 200 torr N3 indicate that there is a slight decrease in 9,

as energy is increased. One could also it the data with a constant value for ¢, of

0.73 + 0.05 for 5 torr and 0.83 + 0.03 for 200 torr. Hence an equally valid inter-
pretation of the results is that there is no apparent encrgy dependence on the
channel depth (Figures 18 and 19).

For 15 torr (Sce Figure 18) a pronounced dependence of o on the energy 1< ob
served, channel density decreases with increasing energv. At Jow ¢nergies o, is ob-
served at values around 0.60, while at higher energies values around 0.30 are
observed.

For 50 torr the channel density decreases with increasing encrgy through the range
of 0 to 43 joules. At 43 joules there appears to be a minimum vaiue and then the
channel density begins to increase.  This minimum will later be compared to the
minimum predicted by the computer model tor the STo experunent

At 112 ecm [rom the entrance to the test cell ¢ See Pigures 20 and 21

For 5 torr there appears to be httle effect on o when encregv is ancreased. The re-
sults could be fitted with a constant 0, of 0.73 = 0.07 ([1gure 204

For 15 torr a distinguishable dependence of 0, i1s observed. channel density de-
creases as encrgy increases (Figire 20).

[or 30 torr one can observe remnants of the minmmum :dentited at 81 am ¢lhgure
21).

At 221 cm from the entrance te the test cell (See Figure 22y

For 5 and 13 torr NHJ3 a slight decrease in channel density 1« obeersed wath in-
creasing energy.

For 30 and 200 torr N3 all the laser energy is absorbed at the beginning of the
cell and thus, there are no channels at 221 ¢m.

The resuits obtained for ¢, are consistent and viable. Tace following identfyv tras
supporting this

Plots of o versus energy (Figures IS through 221 weld smwooth cares: there are no
disconunuites.
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The values obtained for J, under similar conditions vield sumilar results. An exam-
ple is the results obtained for 13 torr at 31 cm and S4 joules (Figure 18). The values
of §, are close and are within the statistical error bar.

To provide further comparisons, representative data points swere selected and
}

h]

plotted as a function of position along the test cell in Frgures 23 and 240 The encergies

were selected to provide a means of comparison between different concentrations of

NH3. Among the more prominent features of each plot in Figure 23 are

As the distance from the entrance of the test cell is increased the value of o, in-
creases. This finding agrees intuitively with the idea that the laser beam is contin-
uously absorbed as it travels further from the entrance. Hence, there 1s less energy
available at the end of the channel than at the beginning and we expect weaker
channels at the end of the cell. The situation for 5§ torr, 43 joules and at distances
less than 130 cm from the entrance of the cell may be more complicated.

As the concentration of NH3 increases. the length of the channel decreases. Tlus
15 evidenced by the tact that no channeis exist i 200 torr at 112 cm and nene evist
at 221 c¢m ror 30 torr. [t also agrees intuitiveiv with the wdea that as the numier
of absorbers per unit volume increases, the distance a beara travels before dissi-
pating decreases.

As the concentration of NH3 increases from § to 15 torr. channel densty
decreases.This is true for all energies plotted and is consistent with the findings of
the N2-SF6 experniment. In short, the higher the concentration. the deeper the
density channel (Figure 20).

For a laser energy of 45 joules the channel produced tn § torr NH3 18 relatinens
constant over the range of 30 to 221 ¢cm with a value of & of 0.79 = DO Thic s
also true for 73 joules, for which 0, remans 0.68 = 004, This v similar to the re-
sults obtained for the lowest concentraton of SEo [Relt §: p. 270 for which rela-
tively long shallow channels were observed.

2. Channel Width

The channel widths for each concentration at sclected encrgies are plotted n

Figure 24. The sclected energies are the same used in Figure 23 and allow a a comparison

between values at the same energy. Unlike the plots of o, versus distances, very hittle

consistent information can be garncred from Tgure 24, One denufiable characteristic

can be observed by considering the 3 and 13 torr concentrations at 31 cm and 112 ¢m.

In these instances the channel width increases as energyv increases. The opposite appears

truc for 200 torr NI13, I7 decreases as energy increases.
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D. COMPARISON WITH SF6

At present there is no quantitauve method for comparing the charactensucs of the
reduced-density channel obtained 1n the N1H3-N2 experiment. For thut reason the results
will be compared with the results of the N2-SF6 reduced-density channel expeniment
[Refl 8: p. 27].

The results of the N2-SF6 and the N2-NH3 experiments were verv sinulur. The
major differences being that NII3 was substituted for SF6 in the teot cell us the 100
um radiation absorber and the measurements were taken at different distances. A comn-
puter model, CHANL, developed by Naval Research Laboratory scientists was used to
predict the results of the N2-SF6 experiment [Ref. 8: p. $]. A signficant product of that

-l

model is plotted in Figure 23. This figure shows the predicted channel density for a laser
energy of 30 joules as a function of distance from the entrance of the test cell. The

N2-SF6 experimental results, shown in Figure 26, corrclate well with the results of the

-

model. A trend of increasing absorber concentraton resulting in shorter, deeper channels

is apparent in both plots. When comparing Figures 25 and 26 with the N2-N113 results
shown in Figure 23, the same pattern clearly exists for §, 15 and 50 torr NI13. Less
obvious is the correlation with 200 torr NH3. While only two data points are available,
, onc can assume that the laser energy has been almost totally absorbed before it reached
: 51 cm. This assumption is supported by Figures 26 and 27.

Figure 27 1s another product of the CHANL code. This plot shows the eflect on o,
h at 0.4 torr SF6 as energy is increased. Significant is the minimum J_which occurs at 30
joules and the sharp change in slope at 165 cm. Evidence of these changes in slope are
¢ evident in both the N2-SF6 (Figures 28 and 29) and N2-NH3 (Figures 1) and 21) ex-
perimental results.

Based on the above observations, it can be concluded that the N2-NI113 results ex-
hibit the same qualitative behavior as the N2-SF6 results and the CHANIL code pred-

y ictions.
4
E. CONCLUSIONS
! The CO2 laser beam created reduced-density channels in test cells containing a gas
B mixture of N2 and NII3. These channels were analyzed and found to be dependent on
)
q many parameters including the concentration of NH3 and the laser energy. As expected
: it was found that the depth of the channel decrcased as the the beam travelled along the
’ test cell. Tt was also determuned that for a fixed laser energy, the depth of the channel
: and its length varied imverselv with the concentraton of NII3. That 1s, shorter, and
4
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deeper channels were observed at higher concentrations of N113: long, shallow chunncis

were observed at lower concentrations. This qualitatively agrees with the experimental
results and computer predictions tor the N2-SIF6 experiment {Ref. 8: p. 270

It can alsn he concluded that the Gaussian mewmod of unalvsis provides a quick
means of determuning the characteristics of a reduced-density channel. The accuracy of
the method is dependent upon the shape of the fringe pattern. For Gaussian shaped
patterns the results are highly accurate. For non-Gaussian shapes values for J, differed
from the more accurate Abel method by as much as 31 percent. The channel width de-
termined differed by as much as 330 percent. Despite these large differences the Gaussian
method provided a quick means of determining J, to within .13 and finding the maxi-
mum value of channel width.

To summarize, the analysis of reduced-density channels in gas mixtures of N2 and
NH3 support the N2 and SF6 experimental results. The channels obtained in both ex-
periments should be suitabie for studving the propagation ol intense clectron beams
through the atmosphere, and thus provides a foundation for determining the role these
beams will have in the Strategic Defense Initiative.
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APPENDIX A. TABLES

Table 1. COORDINATES OF ACTUAL DATA AND ENLARGED DATA

Point Original Coordinates Enlarged Coordinates
X Y X Y

A -02 00 -.01 02

B 1.G0 .99 .99 1.03

C 1.98 2.02 1.96 2.02

D 2.98 3.03 2.98 3.01

E 4.03 4.00 4.00 .00

F 3.03 3.00 3.02 3.01

G 6.04 6.00 6.02 6.01

H 7.06 0.98 7.03 7.01
Table 2. KEY VALUES USED IN ABEL AND GAUSSIAN TECHNIQUES

Pressure (torr) Density (x E18 molecules Molar K dleney
per cubic ¢m) Refractivity | (x E-23
(cubic ¢m cubic
per mole) cm per
mole-
cule)
NH3 N2 NH3 N2
0 600 0.00 19.06 4.517 1.1247 | 3.387
5 393 1583 18.84 3826 1.127 3,394
15 383 4.75 18.53 4.5340 1.132 3409
30 330 15.83 17.42 4.614 1.149 J.doel
2600 J06) 6.33 12,07 1.900 1.222 3,679
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Table 3. GAUSSIAN RESULTS FOR 5 TORR NH3/395 TORR N2

DATA | FRINGE | DIST ENERGY GAUSSIAN ANALYSIS
FILE FROM (joules) (ON-AXIS DENSITY)
SOURCE
{cm)
Full Lelt Right Ave
Test 1 NA NA 105 105 103 BN
966A4 | 4 51 3t .860 12 910 S27
966AS5 | 5 51 31 860 T 912 832
966B4 | 4 112 31 831 807 8§23 S48
966BS | S 112 31 .830 877 .809 843
964A7 7 51 75 661 14 A8 (R3
964A0 6 31 735 092 AR RhE 07N
96483 3 112 75 746 794 670 a7
964B2 | 2 12 75 724 788 607 00
964C1 | 221 75 821 818 824 82t
963A4 | 4 51 435 .803 .856 697 T80
963AS5 | 5 51 45 834 .880 728 SHd
963B2 2 112 45 765 820 0062 Tan
963B3 3 112 43 Sl .NO0 RIUR b
963C2 |2 221 45 882 841 4906 AT
962A4 | 4 51 57 834 883 696 NS
962A5 | 5 51 57 770 828 034 Rl
962B2 2 112 57 .800) .838 739 T2
962B3 | 35 112 57 842 .893 .6Y3 SHo
962C1 1 221 57 900 911 884 SN
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0 Table 4. GAUSSIAN RESULTS FOR 15 TORR NH3/585 TORR N2

DATA | FRINGE| DIST ENERGY | GAUSSIAN ANALYSIS
! FILE FROM | (joules) (ON-AXIS DENSITY)
\ SOURCE
N (cm)
3 Full Left Right | Ave
’ Test 1 NA NA 109 109 109 109
u 960A6 | 6 51 36 620 683 329 609
N 960A5 | 3 51 36 619 673 343 612
960B2 | 2 112 36 703 747 639 096

960B5 | 5 12 36 735 783 660 736
e 960C2 | 2 221 36 912 903 918 Ol
o 939A7 | 7 51 16 622 683 329 012
U 959A6 | 6 51 16 648 718 534 0
" 93981 | 1 112 16 674 733 380 662
959B2 | 2 112 16 698 716 678 098
. 959C2 | 2 22, 46 888 904 866 $86
5 958Ad | 4 51 3 313 229 381 308
S 958A6 | 6 s1 34 314 312 390 03
) 93SB3 | 3 (12 34 537 614 426 Bk
X 958B4 | 4 112 $4 976 980 971 976
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Table 5. GAUSSIAN RESULTS FOR 15 TORR NH3/585 TORR N2
DATA | FRINGE| DIST ENERGY GAUSSIAN ANALYSIS
FILE FROM (joules) (ON-AXIS DENSITY)
SOURCEL
(cm)

Full Left Right Ave
Test 1 NA NA 109 109 109 109
957A4d | 4 31 84 .265 325 193 261
957A5 | § 51 84 217 298 114 210
957B4 | 4 112 84 588 .629 337 376
957B7 7 112 84 594 631 550 592
936A4 | 4 31 57 357 393 A7 336
936A6 | 6 31 37 36l 393 323 300
956B3 3 112 57 634 684 019 032
956B6 6 112 57 634 702 587 648
956C2 | 2 221 57 835 .793 863 .830
935A4 | 4 51 61 275 353 176 208
955A6 | 6 31 61 .398 457 325 393
955B2 2 112 61 647 674 616 646
935B35 M) 112 61 033 063 002 033
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)l Table 6. GAUSSIAN RESULTS FOR 50 TORR NH3/550 TORR N2
DATA | FRINGE] DIST ENERGY | GAUSSIAN ANALYSIS
X FILE FROM | (joules) (ON-AXIS DENSITY)
0 SOURCE
Py (cm)
o ’ Full Left Right Ave
‘ Test NA NA 124 124 124 124
W 387785 112 63 816 847 768 810
$77B4 112 63 S14 813 813 $14
P S$77A6 51 63 484 513 432 483
$77A5 51 63 433 490 363 429
$7SB7 (12 76 761 790 724 738
78BS 112 76 769 795 737 707
S7SAT 51 76 478 432 518 476
378A6 51 76 515 477
7 $79B6 112 72 797 7
’ 87985 112 72 761 784 73
Wy $79A3 51 72 S
i $79A4 51 72 3
SSOB7 112 73
. $80B6 | 6 112 73
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Table 7.

GAUSSIAN RESULTS FOR 50 TORR NH3/550 TORR N2

DATA
IFILE

FRINGE

DIST
FROM
SOURCE
{cm)

ENERGY
(joules)

GAUSSIAN ANALYSIS
(ON-AXIS DENSITY)

Full Left Right

Test

.\. AA

s

124 124 24

973B2

112

—
NJ

.830 836 793

973B1

112

—
[ ]

854 8938 740

973A4

l—ito}—

—
~

3

641 610 666

973A5

n

—e
~

.083 6635 700

97dB35

(93]
O

780 882

- 974B2

(o)
O

18

L7062

974A7

439 A58

974A6

L | U
O

O | -

A17 ~14

976B3

N
[ 3]

720 774

976B2

R WIN] Qo n

(%)
O

703

)
-
co

976A5

i

439

976A4

oW
n
tJ

345

O

977B3

hlda)n

1.

o

.780

-

97784

1.
(U7 UV I QU I 0V

1.

139

977A3

.

A IR |
[T BNl RUYE R
tw | )

636

977A2

[N RLUP N B SN
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o | Lo

567

Table 8.

GAUSSIAN RESULTS FOR 200 TORR NH23/400 TORR N2

DATA
FILE

FRINGE

DIST
FROM
SOURCE
(cm)

ENERGY
(joules)

GAUSSIAN ANALYSIS
(ON-AXIS DENSITY)

Iull Left Right

Test

182 182 82

S7T4A0

893 897 888

§7JAS

882 838 S99

STOAS

888 892 N84

NT0AS

A 897 K2
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Table 9. ABEL RESULTS FOR 5 TORR NH3/395 TORR N2
DATA FRINGE| DIST ENERGY ABEL ANALYSIS
FILE FROM {joules) ({ON-AXNIS DENSITY)
SOURCE
{cm)

Left Right Ave
Test | NA NA 02 102 102
966A4 4 Sl 31 .662 733 697
966A3 5 51 31 638 773 703
966B4 4 12 31 .836 752 .804
966B3 5 112 31 .889 724 .806
96dA7 7 51 75 AR] 528 621
904A6 6 51 IN 716 .609 603
96483 3 112 75 759 381 670
96482 2 It2 73 799 565 622
964Cl1 1 22 75 .585 .840 713
963A4 J 51 435 74l 716 728
963A35 5 51 435 .840 764 .802
963B2 2 12 43 829 .608 719
963B3 3 i2 43 806 39 723
963C2 2 221 43 787 894 L840
962A4 4 31 37 676 080 078
962A3 5 51 57 731 391 601
962B2 2 112 57 828 774 S0
962B3 S 11 57 .804 047 756
962C1 l 22 37 874 860 867
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Table 10. ABEL RESULTS FOR 15 TORR NH3/385 TORR N2 b
DATA | FRINGE| DIST ENERGY | ABEL ANALYSIS :
FILE FROM | (joules) {ON-AXIS DENSITY) _ ;
SOURCE :
{cm) 4
Left Right Ave . p.
Test 1 NA NA 106 106 106 -
9606 6 31 36 603 499 332
960A3 3 51 36 642 830 389
a60B2 2 12 36 684 590 637 ‘
960B3 5 12 36 6386 636 061 E
960C?2 2 221 36 888 903 897
93947 7 31 16 720 93 007 g
9396 6 3 16 720 260 00) ¥
93981 1 112 16 663 340 602 3
939B2 2 16 687 16 702
939C2 2 22] 16 901 803 832 -3
938A4 4 84 226 382 205 x
9586 | 6 51 84 387 310 348 3
93SB3 3 112 sS4 390 301 443 «
b




Table 11. ABEL RESULTS FOR 15 TORR NH3/5383 TORR N2

DATA | FRINGE| DIST ENERGY | ABIL ANALYSIS ‘
FILE FROM | (joules) (ON-ANIS DENSITY) ;
SOURCE 4

fem) 5

Left Right Ave ':

Test 1 NA NA 106 106 106 ;
957A4 | 4 3] 84 392 120 236 3
95745 |5 31 34 330 051 190 f:f
95734 4 112 84 380 333 366 \
937B7 7 112 84 628 333 381 4
956Ad | 4 51 57 419 236 137 -
9366 6 51 57 260 230 248
93683 3 (2 57 061 611 030 f.
950B6 6 I 37 687 483 383
936C2 2 221 57 713 818 766 i
9334 | 4 51 61 412 006 209 "]
95576 | 6 51 61 396 232 314 H
93582 2 12 61 594 501 548 3
933Bs 3 112 6l 552 S R P
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Table 12. ABEL RESULTS FOR 50 TORR NH3/350 TORR N2
DATA FRINGE! DIST UNLRGY ABLL ANALYSIS
FILE FROM | (joules) CON-ANIS DENSIHIY)
SOURCE
(cm)

et Rigiit Ave
Test l NA NA A2 21 121
$7TB3 5 112 63 867 780 N23
S77B4 4 112 63 S10 783 97
S7TTA0 6 Y 63 A83 A2 S13
877AS 5 3l 63 ~A32 D32 392
STSBY 7 112 R S A72 670
R7SBS S 112 =6 A2 Tha 24
$78AT | 7 3 76 438 3ol R
ST8AL (6] 3 76 ~0Y 36l S13
S79B6 M) 112 72 703 720 [0
S79B3 5 112 72 793 743 N
STI9AS 5 51 72 386 Soed 375
STOAd J4 51 72 A2 AS2 S4T
SSOBT i 112 g ERN SRS R
SSHBO 6 112 73 377 684 630
SSOAG 6 51 73 0673 ST 610
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Table 13. ABEL RESULTS FOR 50 TORR NH3/550 TORR N2
DATA FRINGE| DIST ENERGY ABEL ANALYSIS
FILE FROM (joules) (ON-AXIS DENSITY)
SOURCE
{¢m)
Left Right
Test 1 NA NA 121 21
973B2 2 112 12 788 679
973B1 1 112 12 .860 625
973A4 4 51 12 368 .620
973A35 5 51 12 .666 721
974B3 3 112 39 72 618
974B2 2 112 39 703 L6306
973A7 7 3 39 38 335
973A6 6 51 39 368 276
976A5 5 51 42 310 464
976A4 4 S1 42 036 317
976B3 3 112 42 .653 524
976B2 2 112 42 683 36
977A3 3 51 43 372 349
977A2 2 31 43 324 437
977B5 3 12 43 0637 041
97784 J 112 43 030 372
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4 Table 14. ABEL RESULTS FOR 200 TORR NH3/400 TORR N2

4

? DATA FRINGE| DIST ENERGY ABEL ANALYSIS

“ FILE FROM (joules) tON-ANIS DENSITY)

i SOURCE

2; (cm)

X Leflt Right Ave
& Test 1 NA NA 179 179 179

i $74A6 6 31 18 .880 8§33 837

}

I 874A3 3 51 118 830 848 849

\ S76A3S 5 31 203 .820 .800 810

5 876Ad 4 51 203 700 833 777
§

D)

\

) Table 15. SUMMARY OF TEST CASE RESULTS

Pressure (torr) K (x E-23 | Channel Density (4, ) Full Width at Half Min,
f cubic cm I (cm)

o per mole-

I cule)

b NH3 N2 Abel Test Abel Test
. 0 600 1.1247 102 100 1.61) 1.67
4 5 395 1127 102 103 L.60 1.67
K 13 383 1132 106 109 1.60 1.67
R 30 330 1.149 d21 124 1.60 1.07
| 200 300 1.222 179 182 1.60 1.67
\
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Table 16. DENSITY PROFILE OF 600 TORR N2 (ABEL)

V. - e~
IR, =,

-

b Left Side Right Side

& Dist from Origin On-Axis Density Dist from Origin On-Axts Densuy

:. {cm) (cm)

:3 2.20 1.00 2.20 100

X 1.36 0.95 1.56 0.93

f 1.30 0.88 1.30 0.88

N 114 0.79 1.14 0.79

1.01 0.70 101 0.70

'|. 0.89 0.62 0.89 0.62
0.78 0.54 0.78 0.54

\ 0.606 0.47 0.60 1).47

E;. 0.53 0.37 0.33 0.37

oM 0.43 0.28 0.43 0.28

2t 0.26 0.22 0.26 0.22

i 0.00 0.10 0.00 .10

.,

[

;

W

o

7

éi

0

\l'

ot

[

>

'n

.

My

1)

.

% 49

-

o

k¥

v PSS AR CVE VAT R U Sl S " | & M LN -
-'\"\\\ .o..o. M 23 o X ) N N ) { W N AN RN .



P VY UN Y UTUNUY Y

a2 4'e. 888"

Table 17. SUMDMIARY OF RESULTS FOR 5 TORR NH3
Encrav Dist ON-AXIS DENSITY (6) Full Wiadth at THall Min (I )
(joules) from

Source

{cm)

Abel | + Gauss | + A% Abel | + Gauss | + A’

31 51 Tl 06 | .80 0.0 | 211 | .36 03 | 155 06 | 330,06
43 3 77 N5 .82 021 3.2 73 J7 7 139 A3 1 904
57 51 .68 06 | .80 031 17.6 | .30 027 1.38 26 | 196.0
75 31 .65 09 | .68 02 | 4.6 .79 05 1 LI 04 ] 405
51 112 Sl 08 | .85 0.0 | 4.9 A8 07 | .S1 03 | 68.8
45 112 3 g0 .79 03 1 8.2 .80 0s | L7 24 ] 463
57 112 78 0982 02 ] 51 .88 A7 1141 250602
75 112 .69 A2 .74 O] 7.2 93 JdU ) L9 00280
45 221 .83 051 .88 041 3.4 42 NA| .78 NA | 837
57 221 .87 07 | .90 02 | 3.4 45 03 | .96 A8 | 468
75 221 72 Jd2 ) .82 051139 | .45 NA| .87 NA | 933
Table 18. SUMDMARY OF RESULTS FOR 15 TORR NH3
Energy Dist ON-AXIS DENSITY (0) Full Width at Half Min (T )
{(joules) from

Source

{cm)

Abel | + Gauss | + A®% Abel | + Gauss | + A
36 31 38 06 | .62 0Lt ] 6.9 77 051 1.14 03 ] 4801
46 3 .03 A1 | .64 b2 1.0 .79 02 1 1.04 07 4 517
A S .30 A1 .36 01 ] 0.0 83 01 .95 04 | 143
61 51 28 A8 34 090 21473 D8 .89 OS5 219
54 51 A2 08 |30 07 1125 | .95 07 1 1.21 Jd6 1274
S4 hY! 24 16 ) .24 03100 88 03 .94 0.0 | 6.8
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; Table 19. SUMMARY OF RESULTS FOR 153 TORR NH3

§ Energy Dist ON-AXIS DENSITY (¢ ) Full Width at Half Min (I

. (joules) trom

) Source

:: (cm)

:‘, _ Abel | + Gauss | + A% | Abel | + Gauss | + A%

! 36 112 .66 0401072 021 9.1 .70 07 117 0.5 67.1

K 46 112 .66 08 | .69 O | 4.6 .78 20 1 .91 A5 ) 1o7

)

:: 57 112 .02 09 1 .63 0.0 1 6.5 .92 A1 1,13 01 230

K 61 112 55104 .64 O1 | 164 | .80 [ .05 | L1l | .01 388

4 84 12 38 .04 .59 00| 1.7 | LIL [.02] 115 [00]3.06

2 36 22 .90 09 (.91 NA | L] 72 NAY| LS NAL 397
46 ARA| .83 O 1 .89 NAG 4.7 63 NA| 0 NAL 323

3 57 221 77 |03 1.4 [ NAL9L | 46 | NA| 93 NAL I06s

"
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2 Table 20. SUMMARY OF RESULTS FOR 50 TORR NH3

¥ Energy Dist ON-AXIS DENSITY (0 ) Full Width at Half Min (")
(joules) from

o Source

;;‘ (cm)

: Abel | + Gauss | + A% Abel | + Gauss | + A,

, 12 51 .63 06 | .66 03 1.8 .70 A6 | .99 04 414
3y 31 37 07 1 .43 024 16,2 | 91 031 1135 03 204

)

».: 42 51 28 A8 | .39 071286 1 .75 07 1 1.49 A4 | 987

) 43 51 42 000 0351302 |93 A6 ] 116 A1 247

. 03 3l 46 |10 | d6 o3 oo .83 13| .0 0.0 | 119

® 72 31 57 024 .54 02133 .83 O3] Ys ad ) 133

- 73 51 02 | oo | 6l NAL Lo ST INAT R NA[ 402

N 76 ) 52 ] .00 | 30 O3 )RS e oo | T 06147
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Table 21. SUMMARY OF RESULTS FOR 30 TORR NH3 :
Energvy | Dist ON-AXIS DENSITY (5) Full Width at Half Min (T >
{joules) from A
Source |
(cm) :
Abel | + | Gauss | + | A% | Abel | + | Gauss | = | A, 2
12 112 74 | .10 | .84 021135 [ .92 1ol 12 [ o3| 106" !
39 112 69 | .071.75 o318t [ .83 |11 |2 02 L a5 L
12 112 S8 1.1 | . 01 1185 [ .50 | o1 | 131 09 {22 ‘
43 112 63 1.04 .76 031 17.1 (.62 1 .0d ] 108 A5 742 o3
63 112 81 .04 .82 00 1.2 [1os a5 126 [vo 200 ‘
72 112 76 | .03 .78 03126 | .91 230 11s | 08 | 9.7
73 112 69 | .07 (.78 ol {130 [ .59 370 122 1 0d ol >
76 112 71 09 | .77 01183 |.63 A3 1 1ol 02 603 N
Table 22. SUMMARY OF RESULTS FOR 200 TORR NH3 R
Energv | Dist ON-AXIS DENSITY (3) Full Width at Half Min (I ) “
(joules) from >
Source
{cm) A
Abel | + Gauss | + A% | Abel | £ Gauss | £ A", :
39 51 85 | .021].89 Ol |41 .69 |00l 152 [.05] 1202 )
68 51 80 .07 (.89 0.0 {102 .35 | .06]1.16 320 231 \
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Figure 3. Typical Interferogram prior to Lnergizing CO2 laser
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Variation of Channel Density with Laser Energy at 31 ¢in from Entrance
of Test Cell for 5 torr NH3 (top). 15 torr NH3 (bottom).
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Figure 20.  Variation of Channel Deunsity with Laser Energy at 112 cm from En-

AASN

trance of Test Cell for 3 torr NH3 (top). 13 torr NH23 (hottom).
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Figure 27.  Predicted Variation of Channel Density with Laser Energy for 0.4 torr

SF6 at 30, 163 and 220 ¢in {rom the Test Cell Entrance.
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Figure 28.  Variation of Channel Density with Laser Energy for 0.4 torr SF6 at 17
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Figure 29.  Variation of Channel Densiiy with Laser Energy for 0.4 torr SF6 at 163
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cm from the Test Cell Entrance.
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