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Computer Modeling for Optical Waveguide Sensors -
-~
INTRODUCTION A
The development and application of optical waveguide and .
fiber optic sensors for detecting toxic gases and more recently 1
biologicals have rapidly expanded over the last several years. ~S
Much of the interest stems from their geometrical simplicity, i
relatively inexpensive starting materials (i.e. glasses, g
polymers), rapid response to physical and chemical changes, Ej
freedom from electrical interference, and their adaptability to 3;
micro-electronic fabrication techniques. E‘
For the past five years NRL has been developing a number of Ef
waveguide chemical sensors for detecting toxic vapors and other f
gases [1-6]. i
More recently, this waveguide sensor has been adapted to ?;
liquid phase bio-chemical applications, with particular emphasis P
on antigen-antibody competitive binding immuno assay surface ;
interactions {7]. E
Although optical wavegquide sensors can take various f‘
geometric forms, we have adopted the hollow cylindrical glass
structures as our basic device design. Figure 1 shows a picture
of the hollow cylindrical waveguide sensor structure together K
with an LED light source and photo detector. :
The main advantages of this structure are its ruggedness and E
economy of size, in which the number of total internal optical T-
Manuscript approved May 26, 1987. fi
1 :S
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Fiqure 1. Optical Waveguide Capillary Sensor Incorporating
an LED Light Probe and Photo Transistor

reflections for this 90 mm x 1.1 mm (o0.d.) X 0.8 mm (i.d.) glass
tube 1is approximately 300. Moreover, one end of this cylindrical
structure is formed into a lens-like curved surface for efficient
focusing of the multiply reflected probe beam into a small

photo detector.{1l]. Down the center of this hollow cylinder is
inserted an optical stop, which prevents collinear background
stray light from interfering with the multiply reflected light
inside the thin (0.3mm) glass wall «f the cylinder. This
geometry produces what has been termed "hollow cone" illumination
into the waveguide structure. Kapany and Pontarelli, [8] have

shown that this form of illuminatinn gives rise to high

fractional sensitivity for detecting very small changes in
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‘ refractive index at the waveguide surface, when compared with a

é solid rod illumination configuration.

4 The work reported here involves the use of a computer

X program for modeling the transmission of an unpolarized 1light

E probe beam which 1is totally internally reflected at a non-

;2 absorbing glass/fluid interface., The analysis takes into account
e the probe beam divergence, and the number of optical reflections
»°£ for various ranges of incidence angles about the critical angle

;E for total internal reflection. The resultant probe beam

.’ transmission may be plotted as a function of changes in the

§5 refractive index of the surrounding fluid medium.

‘: BASIC EQUATIONS

’ Figure 2 represents schematically a section of the capillary
is waveguide structure, which, depicts the principal incident light

i rays emitted from an unpolarized LED light source coupnled into

~

- the open end of the capillary tube. 6,y is the critical andgle

é for total internal reflection, 8§ is the angle of incidence, tfor

% an angular spread 9}, 6; and the "dark" region in the schematic

' represents an optical stop which is inserted to exclude paraxial

: light rays from interfering with the totally reflected rays. The

E heavy line indicates a ray at 8;, which is coupled into the
vi waveguide and after N optical reflections can be coupled out into
‘E a photo detector, which measures the transmission (T) as sensed

3 by the light probe at the glass/fluid interface down the lencgth

? of the cylinder. For the situation in which the waveguide ind ~n»

i surrounding fluid are non-absorbina, the wavecguide trainam.s=: - p

{ {T) is given by 19}.

»

T = N

.
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reflectivity o = L <§iﬂ—i§:?’ (Qiﬂ—iﬂii’] ¢ 50~
where the 2 [ sin (0+9) + Can (590 ] for o < 30
y and ® = 1 (otherwise)

N is the number of optical reflections and 8, ¢ are the angles of
incidence and refraction, respectively, at the interface between
the waveguide and the less dense surrounding fluid medium (i.e.
™ gas or liquid). 1If the indices of refraction of the waveguide
and surrounding fluid medium are nj) and nj, respectively, then by

Snell's Law:

ny sin 8 = nj sin ¢
and 8cr = sin‘l[%%] when ¢ = 90° (2)

Equation (1) may be re-written to take into account the
experiméntal situation for a diverging uniformly illuminating
light source and for a range of angles of incidence below and
above the critical angle for total internal reflection. Thus,

1 the transmission then takes the form:




where 87 - 8.y is a range of angles of incidence above the

critical angle, and 87 - 8] is the total angular spread of all
angles of incidence about the critical angle 8or. It should be

noted that - N in equation (3) is a function of 6, since

¢ = sin‘l[%%-sin 6] , see equation (2)

Thus equation (3) describes the general experimental
situation, which 1s schematically shown in Figure 2,

Equation (3) may be evaluated numerically by using a
micro-computer. The program employed in this transmission
analysis is written in basic language, and is listed at the end

of this report in the appendix.

COMPUTER MODELING ANALYSIS
The following series of Figures 3 to 5, summarize the
computer modeling for a glass waveguide of refractive index, m
= 1.50, whose surface is in contact with a liquid of varying
refractive index, n) between 1.320 and 1.340.
The resultant transmissions are plotted as a function of the

change in refractive index of the liquid, under a variety of

s}
~

experimental conditions, which include probe beam divergence

beam spread (BW), the number of optical reflections (N), and for

incident angles skewed about the critical angle.
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Figure 3 is a plot of the integrated transmission with
change in refractive index of the liquid, for 10 optical
reflections, and for a set of diverging probe beams, whose beam
widths are 0.1°, 0.4° and 0.8°. The angle of incidence 8; is ze:x
equal to the critical angle corresponding to ny = 1.33. As the
index of refracﬁion of the liquid decreases, the cptical
transmission increases rapidly as nj approaches 1.33. The
steepness of the slope is a measure of the index of refraction
resolution and hence the device sensitivity. It is readily seen,
that the least divergent probe beam (ie. BW = 0.1°) gives the
highest resolution. Also, the change in index of refraction for
the range from zero to 100 percent transmission, is significantly
greater with increasing beam spread. It 1is interesting to note
that all three curves intersect at a transmission of 50%. This
effect can be understood by an inspection of Equation (2), in
which the integrated function contributes very little to changes

in the transmission for the case of a uniformly illuminating

_probe beam whose beam spread is 3ymmetric about the critical

angle for 10 optical reflections. Recalling the sketch shown in
Figure 2 for a symmetric spread of angles 6;, 8; about 8.y, where

899 - Bcr S —ﬁifgl—-and for 10 reflections.

T % —982‘—921-= 1/2 or 50%.
2-91
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INDEX OF REFRACTION (n

2)
Figure 4. Optical transmission versus ny as a function of N

number of optical reflections. Note that above 10
reflections no significant slope change occurs.

An important factor in assessing optical waveguide sensors
i1s the optimal number of total internal optical reflections
required to give the best refractive index resolution. Figure 4
gives a computer plot of transmission versus nj; for a set of
optical reflections N, from 1 to 50, for a probe beam of 0.4°
beam spread, and for 8.y equal to 62.46° corresponding to njp =
1.330. As can be easily seen from the different slopes, a single
reflection i.e. N = 1, gives the poorest device sensitivity., Net
until N = 10 reflections does the device sensitivity increase
significantly as indicated by the steeper slope. However, for
reflections from N equal to 10 to N equal to 50, no apparent

slope change is evident. This saturation can be understood by

AL

e

PELCC LT



considering the angles of incidence 8; to 85 within the beam
width. Thus, angles of incidence 8 less than the critical anzie
8cr, contribute relatively more i.e., see equation (3, to the
total reflectivity (or transmission), for a small numker of
reflections. As the total number of reflections increases above
10, only those light rays which come close to the critical angie
are transmitted, that is significantly fewer rays, whcse angles
of incidence are less than the critical angle, (8)¢8;<8sy)
contribute to the total transmission. Another practical case
relating to optical waveguide detection sensitivity, involves
the general experimental situation in which the initially fixed
incident beam can be angularly modulated due to relatively small
refracture index gradients set up in the fluid layer above the
glass surface. A simulated computer analysis for this case is

shown in Figure 5.
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INDEX OF REFRACTION (n,)

Figure 5. Optical transmission versus ny for angles cf
incidence skewed to -0.2 about the critica. inr1.-
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Here, the optical transmission is plotted versus index nj for
/ angles of incidence which are dynamically skewed : 0.2° away from
the critical angle (8,r) corresponding to ny = 1.33. For this
? _ case, the transmission is calculated for a probe beam spread of
0.4°, and for 10 optical reflections. The solid curve denotes
incident angles skewed +0.2° above the 6oy, and the dashed curve
refers to those incident angles skewed -0.2° below 8~r. Although
the shapes of these two curves are relatively unaffected, as
noted by the similar slopes, nontheless, a fluctuation of : 0.2°
at the dynamic fluid/glass boundary layer, does produce a
A significant modulation of nearly 100 percent output in detected
waveguide transmission. Hence, even with a fixed angle of
incidence of the light source coupled into the waveguide
structure, dynamic surface effects at the glass/fluid boundary
can significantly modify the angles of incidence at this boundary
and these refractive index wvariations can be exploited to detect
- small changes in the optical properties of such a fluid layer.
; In summarizing this section, the modeling analysis clearly shows
1 that to obtain high differential sensitivity for an optical
6 waveqguide chemical sensor, the light source must have a low beam
- divergence, the angle of incidence should be as close to the
critical angle as possible, and up to 10 optical reflections are

required for maximizing the slope sensitivity.

DISCUSSION
) The computer analysis discussed in the previous section =an

be applied to the NRL "hollow-cone" illumination glass waveguide

vapor sensor, to predict its sensitivity, using a commercial red

660 nm LED source as the probe beam. The experiment consistad Iin
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5
measuring changes in the optical transmission at 660 nm as a éi
function of a series of indices of refraction, obtained from Ei
condensing on the waveguide surface, vapors of several organic \:
compounds and water of known indices of refraction. These vapors {
were produced by bubbling dry nitrogen into a flask containing E
the liquid compdund to be tested, and admitting the !i
vapor/nitrogen carrier gas into a 0.lml dead volume chamber, into E
which the waveguide sensor is immersed. At a fixed vapor/gas flow }E
rate of 0.06 liters/min. at room temperature, and at atmospheric ff
pressure, the saturated vapors from a particular sample compound, E?
was allowed to condense onto the glass surface of the uncoated EE
capillary. After a few seconds duration, a measurable stable :
voltage shift relative to the nitrogen carrier gas baseline %3
voltage was detected. The measured change in voltage is directly Ei
proportional to a change in transmission relative to the nitrogen fi
carrier gas. The procedure for detecting condensed vapors on the ;E
waveguide surface has been published in detail elsewhere {1,2]. SE

o

Figure 6 displays the NRL wavegquide capillary measured Eil
transmission versus index of rgfraction for a range of values .EE
from, benzene (1.5012) to water (1.3330) under the previously lﬁf
described experimental conditions. The solid circles are the ;:'
measured voltages readings expressed as percent transmission gg
relative to air. The error bars represent the standard deviation F;‘
limits for several runs per vapor. The solid curve drawn throuch :i’
these points represents the best fit by our computer semi- EE:
infinite two-layer model, assuming a critical angle of about ié
82.5°, and using the measured beam spread of the LED into the ;R‘

12 e
RSN
g N T U e e e e e e

N G T R T,



¥, ....u
: o
w ]
p *SUOT3IOSTJ3T 3ATIO8JJ3 JO 13qunu 3ayj oy
w pue ‘peaids weaq se yons ‘siajauweied 201A9p painseauw A
4 Uo paseq spew sem 313 193ndwo) *siodea pasuapuod woij ...ud_
i pauTe3lqo SIOTPUT SATIDRIJS1 JO abuel v 13A0 painseaw o
‘wu 099 e suoTssTwsuelyl aprubasem 1eorido TAN ‘9 3inbty o]

o

z o

(“u) NOLLOVH43H 40 x3aNI Pt

....{

0SL  8v'L  9¥'L b1 2L ov'L  8e'L 9g'L  pe'l gy

ﬂa_om._ﬂ I ! ! ! I ! —1°% o ]

auazuag M :

0 0

— —Hoz Z

. 0 1id T3AONW HILNANOD - X

S66¢" . R

? souaihy -0~ 0w ViVa TVANIWIHIdXT e W KRS

. 12 ..‘-..;

= 2528 = (g3isnrav) s Hov & w

(sS6b°t) 00 = N = " i

auanjoj ot = M8 %

; (SSV1D *dvo) vos't = ‘u Jog © 0y

HOSN3S 30INDIAVM 1N r

.......\

i > ]

(zo9v’t) (vseet) . 08 = T

apuojyoenay jouedosd-z (oeee’L 3 .M

, voqsed owx —_

\ 3 3 : 3§ B

— 00 j If.A

wovw't) Q R

wi0j010jYy9) > o

- oY

N I ! I [ [ N \ i o

._

¢

o

”.,””..4“

B

Ny

s

l"




waveguide of 3°, and 300 optical reflections, as computed from
the length to glass wall diameter ratio (i.e. 9cm/0.3mm/= 300).
The important point to note here is that the data points appear
to correlate well with the shape of the two-layer model pre-
diction. Unfortunately, no readily available organic compounds K
were found which have accurately measured refractive indices
above and below the "knee" of the theoretical curve shown in
Figure 6. Nevertheless, an approximate differential slope
sensitivity 1/T(AT/Anjy) = 340 : 25% is obtained from the

experimental data between indices 1.5012 (benzene) and 1.4955

(toluene), where AT is the measured transmittance difference EE
between toluene (T = 47%) and benzene (T = 0.5%), and the average :;f
transmission T between toluene and benzene is 24%. Consequent- ﬁl
ly, 1f for example, two organic fluid species have indices of i:
refraction which differ by 5 parts in 105, (i.e. Anpy = 5 x 10°3), :.
and fall on the rapidly decreasing slope as, shown in Figure 6, Ei
then the change in transmittance (AT) required to be detected by ié{
the waveguide sensor (AT%/4nj) is 8158 x 5 x 10-3 = 0.4%. 7’

To determine the present NRL optical sensor differential gg
sensitivity, a separate experiment was performed using the same E;
device and electronics in a static calibration mode. Here, the :‘
calibration consisted in adjusting the angle of incidence by i;
positioning the LED housing at the proper distance from the open end %-
of the capillary and monitoring the intensity with a photodetectcr Z}
When the measured output intensity from the capillary is a maximum, ' i}i
then the incident angle equals the critical angle. The criticail éﬁ
angle in the air for this case is 8oy = 41.8°. This setting ensured v

14 :.




nearly 100% transmission of the 660 nm LED through the waveguide
device. The transmitted light detected by the red sensitive
phototransistor produced a voltage of 1000 mV on a standard DC
chart recorder, after amplification. Next, a set cf calibrated
neutral density filters, ranging in attenuation between 1.0 0D
and 3.0 OD were placed in front of the LED source. Hence the
transmission could be varied between 100% and 0.1%. The cor-
responding measured voltages ranged between 1000 mV and 1 mV, and
fall on a staight-line plot of transmission versus voltage. The
measurement voltage error is approximately :1 percent. Hence, a
0.5% change in optical transmission gives a readily measurable
voltage of 5mvV, and therefore, indicates that a change in
refractive index of 5 parts in 105 should be readily detectable
by this sensor, assuming no scattering losses.

A further verification of the reliability of the computer
model can be made by working backwards from the assumed critical
angle (82.5°) to the calculation of the angle of incidence
coupled into the 0.3mm thick capillary wall. Referring to the
sketch shown in Figure 2, if 6,y is 82.5°, then the computed
angle of incidence, applying Snell's Law for an incident ray 8i
at the air/glass interface, give a calculated 8; = 11°., This
angle is in reasonable agreement with the measured values of the
order of 8° to 10°, for this LED divergent beam/capillary
aperture sensor geometry. The measured distance between the LE
source element and the open capillary input surface is abcu*

2.5 mm to 3.0 mm, and the total external beam width intercepted

by the capillary input aperture is approximately 3°.
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It should be noted at this point, that at first glance, our
two-layer single boundary model shculd not be applicable to the
experimental data shown in Figure 6. Here, the condensed fluid
layer in fact, does have a second boundary (i.e. fluid/air
interface) due of course to a finite fluid thickness. If a seccnd
interface were important in this dynamic equilibrium flow
experiment, then it should manifest itself, for example, by
giving rise to a high reflectivity for liquids which have
refractive indices corresponding to the critical angles below
that depicted in Figure 6, but greater than the critical angles
at the second boundary. Particularly, for the case of benzene,
whose refractive index nearly equals that of glass, a back
reflection at the fluid/air interface, should in general have
produced no significant decrease in transmittance at the
glass/fluid interface and hence the measured transmittance should
not have decreased to almost zero. The fact that the measured
transmittance for benzene does drop significantly to about zero
(L.e. 0.5%), implies that the second reflecting boundary does
not contribute to the measured transmission. A reasonable
explanation for the negligible effect of this second interface

may be related to the dynamics of the experiment in which a

»
roughened surface layer is produced in the vapor flow over the '
glass surface, such that any light which gets transmitted into
and back-reflected at the fluid/air boundary is effecktively
scattered out of the waveguide. This hypothesis was tested v
reducing our normal benzene vapor flow rate from 340 mL,min t> i3
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mL/min, while maintaining the same vapor pressure at both flow
rates. The relative transmission increased from 0.7% at 90
mL/min to 55% at 1lOmL/min, thus suggesting that the slower flow
rate produced‘a less roughened scattering surface and hence a
greater back reflection into the capillary glass. These results
therefore indicate that unless the vapor flow is significantly
larger than 10 mL/min, the interfering second boundary layer can
significantly enhance the optical transmission, and hence a
single boundary, two-layer model would not be applicable in the

first approximation to these vapor flow experiments.

SUMMARY

A computer mocdel has been derived for the assessment of
specific factors which influence the sensitivity of waveguide
chemical sensors. This analysis allows for the change in
transmission of a probe beam at the glass/less dense fluid
interface of varying index of refraction, to be evaluated as a
function of probe beam divergence, the number of optical
reflections, and for angles of incidence skewed about the
critical angle for total internal reflection.

Reasonable agreement was obtained in the application of this
two-layer model to a specific transmission versus refractive
index experiment involving an NRL chemical vapor sensor in 1

dynamic equilibrium condensed vapor experiment. The in.-i..
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experimental results, taken with this optical sensor indicates,
that changes in refractive index for two species (i.e., liguid or
condensed vapor) which differ by five parts in 10° may be readily
discérned, if the angle incidence of the light source is set
close to the critical angle for one of the species. Finally, we
had previously demonstrated (3] that coating the surface of our
device with a particular dye film which is known to increase its
optical density when exposed to a specific organophosphonate
chemical warfare simulant, produced a measurable change in

transmittance of 0.4 percent at vapor concentrations of 10 ppm.
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OPTICAL WAVEGUIDZ TRANSMISSION !

0
\ MS BASIC: SOURCE LISTING:
h 10 REM DOS FILE NAKME:CRANGLE

20 PI%=3.14159265%

30 CLS
; 40 INPUT "Risk File Name = ", NAMS:NAMS="B:"+NAMS
P 50 OPEN NAMS FOR OQUTPUT AS #1
- 60 INPUT "Number of Reflections = "“,NR
: 70 INPUT "Index nl = ",Nl#%
. 80 INPUT "INDEX N21 = ", N21#%

90 INPUT “"INDEX N22 = “,N22#

100 INPUT "Index Interval Dn2 = " ,DN2%
. 110 INPUT "ANGLE OF INCIDENCE = ",THETAIN#
2 120 INPUT "Beam Spread (Degrees) = “,DISPH

130 DEF FNF#(T#)=.5%((TAN(T#-TS#)/TAN(TH#+TS#)) 2+ (SIN(TH-TS#)/SIN(T#+TS4})"2)
140 DEF FNPHI#(Y#)=ATN(NLE*SIN(Y#)/SQR(ABS (N2# 2~ (NL1#*SIN(Y#))"2)))
¢ 150 EP=.1:DISP#=PI#*DISP4/180!

160 THETAl#=THETAIN#*P1#/180-DISP#/2

170 THETA28=THETALl#+0DISP#

~

- 180 M21=N21#:N22=N22#:DN2=DN2#
" 190 JJ=-1
y 200 FOR N2=N21 TO N22 STEP DN2
< 210 JJ=JJ+1
: 220 N2#=N21#+(JJ~1)*DN2#
, 230 IF N2#>=Nl1# THEN STOP
- 240 IF N2#=N20% THEN GOTO 260
. 250 N2#=N2 :
K 260 GOSuB 300
270 NEXT N2
: 280 CLOSE #1
. 290 END
300 THETAC#=ATN(N2#/SQR(N1&~2-N2¥"2))
310 I[F THETALBCTHETAC# THEN GOTO 320 ’
s 320 RHO#=1:GOTO 420
. 330 X1#=THETALl#
g 340 IF THETAC#<THETA2# THEN GOTO 370
- 350 X2#=THETA2#
3 350 GOTO 380
‘ 370 X2#=THETAC#
380 GOSUB 450
390 IF TULETAC#<THETA2# THEN GOTO 410
. 400 RHO#=SUM#(2)/DISP#:GOTO 420
) 410 RHOK={SUM#(2)+THETAZ4~-THETACY) /DISDY :
N 420 N2=N2E:RHO=RHO¥:SUM=SUME (2) :ON2:=DN2H .
. 430 PRINT JJ,RHO,SUM:WRITE #1,JJ,RHO
440 RETURN
"
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PRINT JJ,RHO,SUM:WRITE $1,JJ,RHO

RETURN

REM DOS FILE NAME:SIMPSON

DEF PNLN(T#)=.4343424NR*LOG(T#)

DX#=(X24-X14)/4

N=2

1P THETA2%>THETAC# THEN GOTO 510
TS$=PNPHI$(X24):FP§=PNF$(X24):GOTO 520

FPFP§=1

TS$=PNPHI#(X1#):sFPL#=PNP$(X1})

IF PNLN(Fl#)<-35 THEN Fl1§=0 ELSE Plj=Fls{ NR)
IF PNLN (FP$)<-35 THEN FF$=0 ELSE FP#=FF4#{ 'NR)
SUM124=Pl§+PF}
XX$aX1$+DX#:PS§-FNPHI$(XX$):TL§=FNF§(XX#)

IP PNLN (T1l#)<-35 THEN T1#=0 ELSE T1#=T1#{2*NR)
XX$=X14+3*DX§:TSE=PNPHI(XX}$):T24=FPNP#(XX})

IP PNLN (T24#)<-35 THEN T24=0 ELSE T24=T24{2*NR)
SUML§=T14+T2¢%
XX$=X13+2*DX§:TS$-FNPHI$(XX$):1SUM24=PNP#(XX#)

IFP PNLN(SUM2%#)<-35 THEN SUM24=0 ELSE SUM2$=SUM2$(2*NR)
SUM$(1)=(SUML24+4*SUML#+2*SUM24)*DX}$/3
SUM2§=SUML $+SUM2 ¢

N=2*N

DX$=DX/2

SUM1 $=0

FR Il=1 TO N

XX$=X1$+(2*11-1)*DX¢

TS§=PNPHI$(XX#) :FFE=FNF}(XX})

IP PNLN(FP§)<-35 THEN GOTO 720 ELSE SUM l§=SUMLl#+FFP§{2*NR)
NEXT Il

SUM$ (2)=(SUML2344+SULL§+2*SUM2¢ ) *DX$/3

IP SUM#(2)<.1*ABS(THETA24-THETAC#) THEN GOTO 770
IP ABS((SUM§(2)-SUM§(1))/SUM$(2))<EP THEN GOTO 770

SUM2§=SUML$+SUM23:SUM§(1)=SUM$(2):1GOTO 650
RETURN
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