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PREFACE 

The work described in this report was conducted at 

Atmospheric Envi.roment Service of canada from Hay 28th 

to September 28th, 1973 under a cooperative arrangement 

between Atmospheric Enviroment Service of Canada and 

McMaster University, Hamilton. The aim was to provide an 

M. Eng. student from McMaster with an opportunity to 

gain experience in an industrial environment while 

fulfilling a need generated by industry. This report was 

part of a project on a modified correlation spectrometer, 

developed to be used as a point sample. 
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SUMMARY 

The Barringer Refractor Plate Correlation Spectrometer has been used as 

a remote sensing instrument for the detection of so2 and N0
2 

• Its 

effi ciency ia given by the equation of the.Bignal to noise ratio, with 

the gate waveform duty cycle as one of ita parameter. 

This report is divided into two parts. Part A is a theoretical study of 

optimization of the refractor plates, which affects the gate waveform 

duty cycle. A computer program is developed which tabulates the angle 

between the refractor plates, the width, the area, and its length. !he 

corresponding gate waveform duty cycle is also given. 

Fart B is an analysis of the data taken with the correlation spectrometer 

in a Sudbury project. This project was carried out by the Air Research 

Quality Branch of Atmospheric Enviroment Service. so2 emission from stack

plumes near Sudbury area were m~asured and the results were analysed • 

Thus, the feasibility of remote sensing using a correlation spectrometer 

is demonstrated. 
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PART A: REFRACTOR PLATE OPI'II1IZATION OF A CORRELATION S PECTROI-l ETER , USED 

AS A REHOTE S ENSING I NSTRUHENT . 

l). _Instrumenta l Description and Background. 

1.1 Introduction 

· A correlation spectrometer, using the property of molecular band absorption, 

for the remote sensing of air-polluting gases of so2 and N02 was developed 

by the Barringer Research Limited. The theory,applications and results 

' were clearly described by Hillan and Newcomb (1). A more detailed and 
• extended theoretical and experimental description was given by Millan (2). 

In its simplest form, a schematic diagram of the correlation spectrometer 

is given in Fig. 1. The incoming light is reflected through mirrors ~U, M2, 

then passes through the field lens onto the entrance slit. It is then 

refracted through a pair of moving refractor plates onto mirror M3, which 

directs the light towards a grating. The dispersed light from the grating 

strikes the mirror M3 again and is reflected towards the exit slit. A 

correlation mask is situated at the exit plane for sampling the desired 

region of the output spectrum. The resultant light through the mask is 

collected by a photomultiplier tube and analysed through an electronic 

circuit. The final result of the detect.ed concentration of the polluting · 

gas in parts per million per meter path-length (ppm-m) along the line of 

observation is indicated by a meter and graphical display i s available 

through a chart recorder. Typical output graph is shown iu Pa.rt B. 

1.2 Modes of Operation 

There are two different modes of operating the correlation spectrometer. 

In the active mode, a light source of' known spectral intensity is used. 

It has the advantage of minimizing background interferences and gives . a 

better signal to noise ratio during measurements. However, in remote 

sensing , the setting up of a light source is not always feasible and 

passive mode of observation has to be used. 
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In the passive mode, the radiation from the sun is used as a source. It 

is relatively difficult to calculate the sun's spectral intensity because 

it is changing with time, zenith angle, and surface albedo. Besides these, 

the scattering and reflection of light from dispersed particles in the 

air and clouds cause extra interference. These variables must be known 

for accurate calculation of absolute concentration. 

In both cases, the basic equation used is the Beer-Lambert Law, given by 

where H0 (A) is the spectral radiance of the light source, 

<r(A-) is the absorption coefficeint of the polluting gas molecules 

at wavelength?\., 

n is the number of absorbing molecules per unit volume, 

x is the pathlength along line of observation, 

H(~) is the observed spectral intensity. 

1.3 Reference Cell and Grating 

The reference cell provides a standard for measurements. A fixed amount 

of gas sample that is to be detected is sealed inside the cell. It can 

be rotated into the path of view and withdrawn at any time. Prior to each 

measurement, the reference cell is used to calibrate the concentration 

scale on the chart recorder against a clear background. As long as the 

background radiation does not change rapidly, the instrument needs no 

recalibration for each measurements. 

The dispersive grating is a reflective type. It separates the incoming 

light into its various wavelength components so that the output spectrum 

is a function of wavelength position. By means of this, the correlation 

mask is able to sample at the required spectral region to get the best 

signal to noise ratio. The grating can be rotated within a limited range 

and cau be locked into position. 



-5-

1.4 Ent rance Slit and Exit Mask 

• According to the calculation given by Millan (2), the entrance slit width 

must be equal to the exit sli t width for the best signal to noise ratio. 

For S02, it is about 8 Angstrom. Its physical dimension depends on the 

dispersive power of the spectrometer. For increas i ng signal throughput, 

multiple entrance slits are used. 

The exit mask is made up of several slits spacing differently. At one 

position of the refractor plates, the slits are at the peaks of the 

absorption spectrum, and are approximately at the troughs fo~ the other 

position. The location of the slits with respect to the two spectrum 

positions are shown in FIG. 2. The detailed mechanism and amount of shift 

in the two spectrum positions through the moving refractor plates will be 

given later. For optimtw signal to noise ratio, there is a certain number 

of slits, with different width and spacing, per mask. Different masks 

are used for different gases. 

1.5 Electronic Processing 

Depending on whether the instrument is working on bistable or multistable 

measurements, there will be one or two automatic gain control (AGC) circuits. 

These help to adjust the input signal from the photomultiplier tube to a 

standard reference current level, thus control the photomultiplier gain 

within the operating range. The signal waveforms from the different 

measurements are multiplied by a generated synchronous gate waveform and 

the resultant is passed through ~n integrator. Some algebric manipulation 

is performed and a numerical value is given to indicate the relative amount 

of gas detected in ppm-m when compared with the reference cell. 
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Z). Modulation Technique and Refractor Plates Orientation. 

2.1 Modulation Technique 

By means of modulation, the output spectrum can be sampled at various 

desirable wavebands. Therefore it provides the correlation between the 

exit mask and the output spectrum. In the following, two types of modulation 

technique are considered and their respective merits are discussed. 

In the refractor plate modulation, as shown in FIG. 2, the refractor plates 

are mounted on a tuning fork which is vibrating at its resonant frequency. 

The refractor plates are located directly behind the entrance slit. As the 

refractor plates are moving, the incoming light is refracted into two · 

positions, separated by distance&, after passing through the plates. A 

correlation mask, having one set of slits, is placed at the exit plane and 

samples at the two output spectrums at different positions. In this method, 

the moving mechanism provided by the resonant tuning fork is very stable 

and has a long usable life time. The gate · duty cycle is good and the noise 

level is relatively low. Besides that, the slits on the mask are easily 

etched. However, the best signal is not obtained because each slit is not 

sampling at the maximum and minimum positions of the spectrum respectively 

in the two positions. A compromise jump,S, can be found to get an optimum 

signal. 

In the rotating disk modulation, as shown in FIG. 3, the output spectrum 

is fixed in position at the exit plane. Two sets of slits are etched along 

the surface of a rotating disk, driven by a small motor. The first set of 

slits is sampling at the maximum positions of the absorption output spectrum, 

and the second set of slits is at the minimum . positions. In this way, the 

best signal is obtained. However, the mechanical motion provided by the 

motor is not always uniform and the disk wobbles as it turns. This accounts 

for the observed gate jitter noise. The etching of the slits along the 

surface of ths disk is relatively difficult to achieve~ 

In the prototype of the Barringer Correlation Spectrometer, refractor 

plates was used. But in later developement, rotating disk modulation has 
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been employed. In this report, refractor plates are studied and its parameter 

optimized to obtain a good duty cycle. 

2.2 Conside ration in Refractor Plates' Orientation 

Two positions of the refractor plates are possible with respect to the 

incoming light. Because of the width of the entrance slit, distance of 

source from slit, distance of refractor plates from entrance slit, and 

spreading of the source, the incoming light is divergent. This accounts 

for the transient period where a constant signal cannot be obtained as the 

refractor plates- move across the entrance slit. 

In the inverted V-shape position, as shown in FIG. 4A, when the light is 

within plate positions a and a•, some of it will be refracted into the other 

plate. Depends ou the angle of divergent source, the refractor plate angle, 

and distance of slit from plate, the refracted light into .the other plate 

may be totally internal reflected and lost. This orientation was used in 

the protot ype of the Barringer Correlation Spectrometer. 

In the V-s hape position, as shown in FIG. 4B, a similar transition zone 

is between band b', but now the chance of refracted light into the other 

plate is less than in the above case. It can be seen clearly that if the 

incoming l~ght is narrow and parallel, there is no chance of crossing over 

into the other plate for the V-shape orientation, but not for the case of 

the invert ed V-shape orientation. 

~he V-shape orientation is studied in thG following and the relation between 

refractor plate positions and gate duty cycle is obtained. 
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3). Refractor Plates Optimization. 

3.1 Area Calculation of Refractor Plates 

The V-shape orientation of the refractor plates is considered. From the 

mirror symmetry of the two refractor plates, we can consider only one of 

them. By tracing the incident light through one of the refractor plate, 

as shown in FIG. 5, the relation between the parameters can be obtained 

from simple geometrical consideration, as follo\'ling; 

i+B= 90° 

SIN i = n SIN r 

where i is the angle of incident, 

r is the angle of refraction, 

e is the angle of the refractor plate, 

n is the refractive index of the material of the refractor 

plate at the wavelength of the incoming light. 

(1) 

(2) 

From the property and position of the refractor plates, the height of 

it does not affect the spectral jump,~; therefore the weight of the 

refractor plates is proportional to the area. For simplicity of derivation, 

the incoming light is assumed to be monochromatic, therefore the refractive 

index, n, is a constant. In actual calculation, different values of n must 

be used for different wavelength of incident light. 

td t 2coT e 
Area of plate =siN 9 + 2 (3) 

where t is the thickness of the refractor plates, 

d is the horizontal distance of the refractor plate as shown in 

FIG. 5· 

From geometrical optics, the refracted light through a parallel slab of 

substance is parallel to the incident light. 

Therefore, 

or 

~ = p SIN (i-r) 
2 

=c~s r ( SIN i COS r - COS i SIN r ) 

c . COS i SIN r ) 
c> = 2 t SIN J. ( l - COS r SIN ;_ (4) 
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From (1), SIN i = COS B , COS i = SIN & , 

and from (2), equation (4) can be written as; 

£ =2t cos e < 1 - S;J;N, 9 > 
n J 1 - SIN2 r' 

=2t COS 0 ( 1 - SIN e ) 
,ln2 - cos2a 

(5) 

From (3) and (5), we can eliminate t, 

area = ~ f2d + s cos e } 
4 SINe cos e < 1 -) SIN e I ) 2 cos e ( 1 -,/ s

2
IN e 

2 
I ) 

n2-cos2e n -cos e 
(6) 

From equation ·(6), if d is given as a constant, and the spectral jump,~, 

is specified, the area of the plate is a function of the angle,8, of 

the plat~ only. 

The refractor plates are mounted on a tuning fork and vibrated, and a 

light veight is more desirable. Therefore a minimum area, which is 

proportional to the weight, of the refractor plate is required. This can 

be solved graphically, analytically, or with computed tabulation. 

}.2 Gate Duty Cycle Calculation 

In the Introduction, it is stated that the gate duty cycle is a parameter 

in the signal to noise ratio equation. The greater the gate duty cycle, 

the better the signal to noise ratio. The following will give the 

derivation of the gate duty cycle equation and the parameters involved. 

A schematic drawing of the positions of the refractor plates with respect 

to the incident light is given in FIG. 6, and their corresponding locations 

in the sine wave output of the tuning fork, and the gate duty cycle 

waveform are shown. 

·' 
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The tuning fork has a simple harmonic motion and can be approximated by 

a sine wave. Therefore, the refractor plates, which are mounted on the 

tunfng fork, havea sine wave motion. At position a, the light falls 

equally on the two plates and a low signal is indicated by the output 

gate wave form. At position b, all the light passes through one of the 

plates and a saturation signal is obtained. In between positions a and b, 

the signal starts to increase. At position c, the refractor plates begin 

to move in the opposite direction until position d is reached. The maximum 

amplitude moved by the plates is made such that all the light is catched 

through the r e£ractor plates, as shown in position c. It explains the 

constant sign~ output obtained in the gate waveform in between positions 

c and d. Posi t ions e,f,g,and h show the incident light passing through the 

other plate. The difference in signal output by the gate wave form is that 

a different part of the spectrum is sampled. After position h, the whole 

cycle is repeated» starting from position a again. 

The gate ·duty cycle is defined as the time spent in saturation signal in 

any one of the plates as compared to the total time for a cycle. 

Therefore from symmetry of the plates, and from the output gate wave form 

in FIG. 6, we have; 

Gate duty cycle = 2 be 
4 ac 

1 = -( 2 

1 =---y( 

ac - e.b ) 
ac 

1-~) ac (7) 

However ab and ac are in time scale and must be related to amplitude moved 

by the refractor plates. Correspondence between the sine wave and the out

put gate wave~orm is made, as following; 

At a, a mplitude of sine wave is zero, 

At b, amplitude of sine wave is bb', 

At c, a mplitude of sine wave is cc•, 

Taking position a as the starting position from rest, 
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bb' = cc' SINwt1 = cc' SIN w (ab) 

cc• = cc' SINwt2 = cc' SIN"' (ac) 

(ab)= -1 bb' or SIN--
. C¢1 

(ac)= 
-1 cc. 1t 

SIN--=-cc• 2 

(ab) 2 -1 bb' =-SIN --(ac) 1T cc' (8) 

Putting equation (8) into equation (7), 

Gate duty cycle, D , = 1
2 

( 1 - ~ SIN-1 bb' ) 
1f cc. (9) 

3.3 Amplitude Measurement w.r.t. Refractor Plate Parameters 

As shown in FIG. 7, three positions A,B, and C, of the refractor plate 

are given with respect to the incoming light and the entrance slit. 

Position A is the start of a cycle, corresponding to position a in FIG. 6. 
Position B is the start of the ti.me when all the light are collected, as 

position b in FIG. 6. Position C is the maximum displacement acquired by 

the refractor plate, corresponding to position c in FIG. 6. 

Distance moved between positions A and B corresponds to bb' in (9), 
distance moved between positions A and C corresponds to cc• in (9). 

bb' = (s+m+h) TAN4. 

cc• = d - (s+m) TAN~ 

Putting equation (10) into equation (9), and substitute h=d COT 9 , 

we have, 

D =_!_{.l • ~ SIN-1r(s+m+d COTe) TANcell 
· 2 7( l" d - (s+m) TAN~ J j 

• _!_{1 _ _a SIN-1rd COTe TAN rJ:. + (s+m) TANG(.]} 
2 n: t d - (s+m) TANJ: ] 

(10) 

(11) 
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where s is the light source's dista.nce from the entrance alit, 

m is the distance of the · front edge of the refractor plate 

from the entrance slit, 

~ is the divergent angle of the source from its central line. 

In arriving at equation (11), some assumptions have been made, leading to 

some constrained conditions. As shown in position B of FIG. 7, the most

left ray, after refraction, must lie within the same plate, 

.4- • ..a.. 

or 

but 

L r ' ( 90 • - 9 ) 

SIN r ~ SIN(90• .. e) 

SIN r ~ COS 9 

SIN i 
SIN r :: n 

• 0 

for 0 ~ e ~ 90 

and i a:: (90
6

- e) + r:l. 

SIN {oe + (90•- 9 >} :: n SIN r 

SINoGCOS(90"- ()) + COSc£ SIN(90°- 8) = n SIN r 

SIN ci SIN 8 + COS oC COS 8 ::: n SIN r 

From equations (12) and (13), 

or 

n COS& ~n SIN r 

~SIN~ SIN 9 + COS cl COS 9 

n ~ SING( TAN & + COScl, 

For equation (11) to hold, 

d COT$ TANcl + (s+m) TANoC ~ l 
d - (s+m) TANc( 

d COT{) TAN cC + (s+m) TAN c£ f d - (s+m) TAN r{ 

d ( 1 • COT B TAN fl ) ~ 2 ( s +m) TAN oC 

}.4 Equations Consideration 

(12) 

(13) 

(14) 

(15) 

The relevant equations are collected from the above paragraphs and 

discussed to obtain the necessary parameters for best optimum results. 
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Area = b' { 2d + £ COS $ } 
4 SIN fJ COS () ( 1 - SIN 9 . ) 2 COS e ( 1 - SIN e ) 

J n~-cos28 J n2-cos2$ 

D _ _!_ ( l _ _g_ SIN-1 [d COT9 TANcC + (s +m) 
- 2 l 7( · d - (s+m) TAN ct 

TANc!J} 
subjected to conditions 

Zl ~ SINcC TAN$ + COS oC 

d ( 1 - COT9 TAN r£ ) ~ 2 (s+m) TANG(; 
0 0 

From the equation of area, we can see that whene= 90, 0 , the area will 

go to infinity. A minimum area will occur for a certain 9, lying between 
0 0 

90 and 0. From the equation of the gate duty cycle, it is a monotonic 

increasing function of e, fore lying between 90 and O. The parameter ·d, 

as it becomes larger, will increase the gate guty cycle as well as the area. 

Usually the divergent angle~. of the source with respect to the entrance 

slit is fixed for a chosen instrument. A small~ is desirable, but the 

intensit y obtained must be strong enough for a good signal output. 

Comparatively speaking, the gate duty cycle is more important than the 

area ( proportional to the weight ) of the refractor plates, as long as 

the weight of the refractor plates lie within the load limit of the tuning 

fork. A computer program is developed to tabulate the values of the angle e, 
the area , the gate duty cycle D, and its thickness t, for a given set of 

values of n,~,d,s,and m. Then decisions can be made from the tabulated 

values. An output program will be shown for some calculations. 

3.5 Theoretical Estimation and Computation 

For practical application, so2 and N02 are chosen and their optimum refractor 

plates are calculated. 

1). For so2 detection, a filter is used to filter away all the wavelengths, 

except those between 2920 A to 3120 A, centering approximately at 3000 A. 
0 

The required spectral jumpS, is 11 A with an entrance slit width of 
0 

8 A. From experimental determination, the beam spreads to 64 mm. at a 

distance of 250 mm. from the slit. Therefore the distance s of the 
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virtual source from the entrance slit and the divergent angle , can be 

evaluated. 

VIRTUAl 
SOI.lli.CE 

250 

~L 
r--64----1 

. 4 3fmm. 
e mm. 

• s = •• 

32mm. 

0.9506 mm. 

TAN rL = 4 
33><0.9506 

= 0.1275 

0 

or rt, = ?.2667 

~ 
11 0.3334 = 33 = mm. 

0 0 

2).For N02 detection, the waveband region used is from 4260 A to 4500 A, 
0 • 

centering at 4400 A. The required spectral jump~. is 20 A with an 
0 

entrance slit of 14 A. 

VIA.1'UAI. 

f ~ou.P.cE; 

!± 
3?. 

7 
33 mm. 32 mm. 

s mm. =(250+s) 

~ s = 1.6683 mm. 

7 
TAN c£ = 33 1.6683 

::0.1255 

mm. 

or .L = 7.15 
20 

~ = 33 = 0.60606 mm. 

The following is a sample program listing, with some typical output. 

The grating has a dispersive power of 33 A/mm. 
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3'• C RESPEC T Tn ANG L[ , THICKNES S, O.ND LEN GT H or PLAT [ 
lJ * 0 T MEt,' S I 0 N A C 50 ) , T C 50 > , 0 ( 5 C l 'F C 5 n l , G C 5 D l ' D 1 C 50 J r D 2 C 5 0 l 
~· C A I S THE AREA nr T~E RFFRnCTOR PLA TE l N SG . MM . 
6 * C TIS T!~[ T HI CiO!ESS OF THE R[FR/IC TCR FLATE IN Mt-1 . 
7* C F I S ANG LE OF RE FRAC TO R PL ATE IN DEGREE · 
3 * CD I S E l f LENG TH OF T I-H- REFRA CT OR P LAT E IN f'I.M . 
~ * C G I S THE CA TE OU TY CYCLE 

1 0 * C Dl IS THE DISP LAC fM E NT CORRESPONOING TO RE1 
11 • C 02 IS THF niSP LACF~ENT COnRESPONDING TO RFZ 
l ~ * 
1 3 • 
1 1~ * 
15 • 
1 6 t 

17* 
1 3 • 
1 9 * 
ZO* 
2 1* 
27. * 
23 • 
2 lJ * 
2 5 * 
2 r:. * 
2 7* 
28 * 
29 * 
30 * 
31 * 
3 :?• 
:n • 
3lJ * 
3~ * 

Jf; * 

1 50 READ C5 t1 0 l RE t DE • S ,X Mt AL t REl• RE 2 
1 0 FO RMAT C7FlO . F l 

IF ( P,[ . [Q . fJ . O J GO TO 200 
C RE I S THF RE FRAC TI VE I NDEX OF THE PLATE FO~ A PARTI CULA R CHOSEN WAV ELENGT H 
C Of IS T! !E RE Ql! I REfl SH I FT OF THE SPE CT R U ~1 I N M!~ . 

C S I S P.l E OJ S T/\N C[ OF S UPPOS ED SOU RCE FROM SLI T IN !-1M 
C XM IS THE TOP OF RE FRACTO R P LATE FROM SLI T IN MM . 
C AL IS THE DIVFRG ENT ANG LE Of S UP PO SE D SOURCE I N DEGREE 
C T 0 E S T H1 A T t Tf I f R t\ N G E 0 F !.1. N G L E F U S 1 N G E Q T q 

Xn L= < AL• 3 . 1 ~ 1 S ~255 l/ 1 3C . O 

TM! F= < RE - C OS { X!.I.L l l / SIN {XAL l 
X F 1 = { A T A N ( T A t'! F J I 3 • 1 t1 Ei '32 G 5 ) * 1 8 0 • 0 

C XFl I S T HE MAX I MUM ANG LE OF PLATE FO R THE FO LL OWI NG CALCULA TI ON 
C T 0 E S T H1 A T E T H E f"iT N H 1 U ~1 L f N C T H 0 F P U\ T E ~I HI C 1-l I S X 0 IN t-H1 

TA =S I ~ ! XAL l / C OS C XA Ll 

XD =! S+ XM l *TA 
X= TA 

C P R I N T 0 U T G I V E N D A T A A N D E S T H1 A T I 0 N S . 
W~T T F. ( C t .30 ) XF l 

8 0 F ORMA T<l X , ' MAYIM UM ANG LE OF PLAT E= '•F l2 . 6 J 
W~I T E <t> tl OO l XD 

1 00 F ORt1A T!1 X• ' ~1Vl HiUt"i L EN GTH OF PLAT E= ' tF12 . 5) 
W R I T E C C • 1 t~ 2 J ;::: [ 

1 42 FORMA T ClX • ' REF PAC TIVE I NDE X OF P LAT E= 9 • F l 2 . 6 l 
\..'R l:TE CE r 85 i i\E l 

I 

N 

1-4 



Ol.!JLJ 
0145 

not:,n 
1101!11 
001S4 
00155 
00150 
00151 
0015'1 
0016 5 
0017[1 
00170 
00171 
00172 
00173 
OOJ 7'1 
nnt75 
001 7 6 

017f. 
00175 
fJ0176 
00177 
(10 ?07. 
00203 
r n?.n r, 
OO?IJ 7 
00? 10 
00210 
00211 
0021'1 

O?lS 
O?.lf> 

d 02~'-J 

3 7• 
38• 
3:.1 * 
tJn• 
41* 
IJ?. .t 

lt3 * 
41!* 
q !j t; 

IJ G * 
[~ 7 * 
~~ 8 * 
4':3* 
50* 
5 1* 
52* 

85 FORMAT<lXt'MI NIMUM REFRA CT I VE INDE X='•Fl2.6) 
WRITE <6d5 J REZ 

36 . FORMAT fl X•'MAXTMUM RfFRA CTIVE INDEX =',F1 2 .6l 
WRT TE <G,l 1-J3 ) f)E 

14 1 F ORMA TC1X•' RE0UIREO SHIFT OF SPfC TRUM= '•Fl2.6J 
\-! R I T [ f f> , llJ 4 J S 

14q FO RMAT C1 Xt ' OISTAN ~ E OF SUPPO SED SOURCE FROM SLIT='• F12.6J 
¥-' R 1 T E f E-. , lt} 5 J X 11 

1q 5 FO RMAT (lX•'T OP OF PLATE FROM S LI T ='•F12.6l 
vrnE C 6fll~5} AL 

14 6 FO RMAT ClX t' OI VFRGFN CE OF ANG LE CF SO Ur CE='• Fl 2 .6) 
C BY VA RYINr 0 A~O Ft Ar G• T ARE TABULATED 

c=l. o 
E=O. O 
Al=l . S707213 
A?:-- 0 . 2 1211 '1!.~ 

53 * . A ~=o . n7 q 2GlD 

5~* AU=- 0 . 0 1 87293 
55 * C A1,A 2 t A 3 r~4 ARE CO EF FICIENTS USED IN THE POLY NOM IALS APPROXIA MA TION FOR THE 
5S * C ARr. SHJ[ FXP.'H~ S IDN 

57* C BY VA q YINC Ir LFNGT H OF PLAT E ARE SPE CIF IED 
58• ro 20 I=2.r7 
59* 
50 * 
61 * 
6? * 
53* 
64 * 
5S * 
6C * 
67* 
f8 * 
6 '3 * 
70* 
71* 
7 2 * 

C=C +l. O 
DIT>= C 
I.J~ITE <£ • 11-0 ) DCI J 

40 F0r MA TC1X t' LFNGTH OF P LAT E='tF12. 6} 
X F Z :: ( ,~, T A f'l { ( D { I l * T A l I ( 0 ( I l - C Z • (l * T 1\ * ( S + X M ) ) l ) I 3 • 1 415 9 2 6 5 l * 1 8 0 • 0 

C XF2 I S THE MINTMUM ANGLE OF PLATE 
W-=1ITE cr;,9Q J YF 2 

90 FO RMA TC lX, ' MJ NTMUM ANG LE OF PLATE='•F12.6) 
AM=D <TJ- CrS+X Ml*TAl 
WZT T E { 5 rl 7 } /U~ 

1 7 F 0 f~ M 1\ T C 1 X t ' A t1 P L IT lJ 0 E 0 F V I 8 R A T I 0 N = ' , F 1 2 • f) l 
\~ riTE ( [; , ~i O l 

50 FO~ MA TC S Y •' A NG L E =• rl OX ,'T HICK NFSS =',SXr'AREA='•lOX•'GATE CYCLE=••S 
lX,' DISPLAC EM E ~ Tl=' r5X r'DI SP LACEMFNTZ=' > 

N 

N 

I 



00224 
00 27.5 
00210 
00731 
00732 
00213 
00714 
(102~ ~ 

002 ~5 
00?36 
0021 5 
0 02""H~ 

00217 
00?!!0 
0 0?. r, 2 
(1 0? ,, 3 
0 07. l!(J 

fHJ?ql 
002 !15 
007.57 
(102(-;0 
OO:? S ?. 
no z f 3 
CC763 
(1(12 5 5 
00?5G 

73* 
74 * 
7 5 * 
7 6 * 
77• 
7P.~ 

7S • 
.3 0>~< 

Bl* 
3 ~* 

S3 * 
8 11 * 
85 * 
8 5 * 
87 * 
88 • 
33 * 
90 * 
91• 
9 2 1: 

9 3 * 
')(f * 
'3S * 
9G • 
97• 
9'3• 

C BY VARYING K' THE ANG LE OF PLATE ARE VARIED 
0 () 3 [I K = 1 ' If l~ 

E=E+2rll 
XF=E• ~ .l 4 1 59 2 f 5 11 SO . O 

TCK l =!CE if COS CXFJ• <l. D-S INCXFJ IS QR TC RE *RE-COSCXFl*COSCXFlJll)*D•5 
fl. ( K l = T C K l I C 2 . rJ *SI N C X F ) J * C 2 . [l * C + T C K ) * C C S C X F l l 
F Cl<> =r 
0 1 I K l = T C K l ~ ( C 0 S < X F > * ( L. 0-- ( SIN C X F l I S Q RT C R E 1 * R E 1- C 0 S C X F ) * C 0 S C X F J l J ) l 

l •? . D 
0 2 C K l =TCK J • C CO S I XF J•Cl. O-C S if~ C XF)/SGRTCRE2•RE2-COS CXFl• COS t XFJJJ )l 

1~ 2 . 0 

C TO (~L CULA TE GATF DU TY CYCLE G 
~= r C•C~ O S C X FJI S IN ! XF ll* X +C S +X M J •X li(C-CS+X M l* X ) 

IF C R . rE . l . O . n R . ~ .L F . O . C l GO TO 30 
A S ~ ! = 3 • 1 111 5 '3 2 t: 5 I 2 • 0 - S Q ~{ T I 1 • 0 - R l * ( A 1 + A 2 * R + A 3 * R * R + A 4 * R * R * R ) 
G ( K l = G. 5 *! l. CJ -f 2 . 0 1 3 .1 cU~ '1 2 65*ASN l) 

W R I T E f F. , C 0 ) F { K l , T ( I< l , A ( K l , G ( I{ > , 0 l ( K J ' 0 2 C K ) 
60 FORM AT ClX • Fl 2 . E , 3XrF1 2 . 6 , zY ,F1 2 . 6 r 4X t F12.6t 5XtF10.6t5X•Fl0.6) 
30 CONTPW[ 

E= n . o 
~JR TTE Ct- .70) 

7 0 FO i:t~ .c'.TClHll 

ZO CONT H~ UE 

C READ THE SECOND SET OF DA TA 
GO ·ro i 5 U 

ZOO STOP 
OO:?f>7 ':JClt< END 
END COMPIL ATION ** 0 root E S S A G E S * * 

DATA CARDS 

I· 4'G4- 0• Go(.oG I· 6 683 1·0 1· 15 1•465G 1·461b 

I· 4'G1- 0·'0'0' 1·6693 2·0 '1·15 1·4'5' 1·4G16 

I. -4-'~f O· 6o,o(, I·GG83 '3·0 '1·15 I·-4G5(; 1·4C, 16 

I· 4818 0· 33334 

1· 4811 . 0·33'334 

1·4-~'78 0·"53~34 

0·150b I· o 7·2G'1 , ... u~-s 1·49o I 

O·Cf60b 2·0 'I· 2GG 1 l·4~4'a 
..- I· 4~01 

o·96o' 3·0 . ,. ,,, 1 l·.otB49 l· 4~0' 

1\) 

~ 

I 



NOt OVTPVT PATA 

MAXI MUM ANGLE OF PLAT~= 7 5 . 2921:')4 
MINI MUM LENGTH OF PL ATF= . ~347 19 

REFRACTIVE INDFX OF PLA TE~ 1. 4~6 4 00 
MTNI~~UM Rr::F!HC TIVF I ND EX= 1 . '15 S600 
M~XIMUM REFRACTIVE INOEX= l. qG7SCO 
REQUIRED SHI FT OF SPFCT~U~ = . GOG O~O 

DT S T ~NCE OF SUPPOSED SOU~CE FRO M ~ L ! T= 1.5G83 00 
TOP OF PLATE FROM SLIT = l. OOOGQO 
DIVERGEN CE CF ANGLF OF SOli~ CE= 7 .1.500 0 0 
LF NG TH OF PLATE= 2 . 000~00 

MINIMUM ANG LE OF PLATr= 
AMP LITU DE OF VI BRA TIO N= 

1C . G7 B110 
1 . 6~52 0 1 

SOa OUIPUT DATA 

MAXI MUM ANGLE OF PLAT E= 7S . SJ89 1 3 
MINIMUM LENG TH CF PLATE = . 2437 25 
RFFRAC TIVE TNDE X OF PLn TE= 1 . 427800 
M HI H1 U ~~ F\ E F f< A r. T I V F H ·! n F X = 1 • '! Jf~ ~ D U 
MAXI MUM ~ E F RAC T1VF I NnEX= 1 . 49 0 100 
P.Ff1UTf\t D SHIFT OF Sf'Ef':H~LW:: . 3.)3 :51!0 
DTST ~NCE OF SUPrOSED S nURCE FROM S LI T= ~ 9505 00 
TOP OF PLATE F RO~ SLIT = 1. 000000 
DJVF RGEN CE OF ANGLE OF SOU ~ CE~ 7 . l65700 ,. 
L FNGTH OF PL/'<TE = Z . O~:~c rnG 

MH!Tt: Ut'-l A~·JGLE OF PLA TE= 9 . (,128'-=!3 
A~PLITUDE OF VIf\f-:1\TIOn= 1 . 7 5127 5 

N 
..p-



E NG TH OF PL AT"Ei:i-\ 6 . 0 00 000 
NOz. ,. I NIM UM ANGLE OF PLAT E-= 8 . 0368L~~ 

MP L I TUDE OF VIBRATION:: s . r: (,523 1 
ANG L E= THI CKN r SS= AR E ,'\= GA TE CYCL E= DIS P L A C E t~ E N Tl= DISPLACEM EN T2= 

1o. oocrwo . 3F>5232. 1 3 . 0 34835 . 1 990'3 5 . 50594 5 • 606 2 32 
1 2 . 000000 . 1826 1 5 11 . 3 3 60 1 0 . 2 E0191 . 60 5 ':l20 . 6 0627 0 
l li . ono rno .. lJ00 1110 1 0 . 25 2 25 7 . 293 3 58 . E-0 5 39 4 . 606308 
1 6 . 000000 . Lf 1 9 711 9 • 4 4 ·n .3 1' . 325(! 2 ~~ . 6 0 5868 . 5063 48 
1 g . aoonnn • tP I DC 1 0 3 . 353319 • 3 !j l~ 9 7 1 . 60 58 4 1 . £;0638 7 
2o . o oonoo • ,, c 3~ f18 3 . !l7.0 7 25 • 3(, 0 ~) 7 6 . 50 53 1 5 . G06L~Z 7 

z z . oncn o o · ' J. 8 7 Gl3 8 . l iVIZSZ . .. 37 3 1 3 !1 . 6 05 7 8 9 • 6061166 
2 t1 • G n o on o . • 1 .3'-3({7 7 . sn9 1 6 1 . 3 83626 . G05 7 63 . 606505 
z r; . ooonco • ~ 4 2 ~' IJJ 7 . 7 Z!J 6 0 l! • 39 2 1fl~ e; .6 0 5 7 3 7 . 606 5 43 
2 3 . 0(J(1000 . r72'3 1~9 7. 63 1 174 . 4 C:Q(12 0 . 505 7 12 . 606530 
30. cunnoo . G0 5S3 2 7 . 533 1 4-4 . 4 0G5 12 . 50 5t:8 3 . GIJ56 1 6 
32 . 000000 . Filj l 4 7 8 7 . sgz383 . ~n z tns . 6 0 55 £) 5 . 606652 
3 t: • c 0 0 0 rJ 0 . f;7<) 3 0 1 7 . G3665 7 . 4 1 7 5tl 'l . 6 05642 . 60&636 
3s . ooonon • 7 2 1 1 1 ~ 3 7.71 '3 1 S6 .4 ~~2223 . 50562 0 . 605 719 
3fJ . OGOOCO . 7£, 57% . 7 . 83.3 355 • 42 6 '1 2 1 . 60 5599 . 60 67 50 N 

,, o • o o o r ~ o • '3 1 i ~ [ 1 '.i 14 7 . 'YU~39 . 1~3 0 24 9 . 60 5 5 7 9 . 6 06 7 8 1 \1\ 

IJ 2 . 000COO . n55 :~25 1 . 1 13 1f9'JO . 4 33 7 62 . 6 05 5 59 . 6068 1 0 \ 

IJl~ .. OrJO'lOD • ') 2 .3 0 lt b 3 . tn 3S08 ·'' 3 7 0 0 5 . 50'> 5 4 1 . 60683 7 
l! S . o o o n no • g ,<3 4 7 ·'U 3 . 58 1 9 '~4 .L! /~0(1 16 . 6 0 5 S 21} . 6068 6 3 
'-~a . ooorco 1 . C5 2Q I,U 3 . '3':'::'25~ .. 41f2 8 Z G . 60550 7 • 6 063 88 
~o . occooo 1 . 1_ 257QLf 9 . 5L!86 7 5 • !ll! 5 '1 (, 0 . 60 5 ll 9Z . 6069 11 
5 2 . 000[10 (1 1 . 2 n t:.r 113 9 . 7 56280 . tP~ 7 9 4 0 . (.0 54 77 . 606 9 33 
5'1. ooon oo 1 . 7<)5')32 l O. ZZH· t"iS . LJ~0 2 36 . 5 05 1~ 6 3 . 506954 
5 5 . 999'199 1 . 3(15 11 2 1 0 . 7 5 ~ ;269 • l f5 25 12 • 6 0 51~5 0 . 6059 7 3 . 
5 8 . 00000 0 l. r.;0577 7 1 1 . 36 1 830 . ti 5 1f E 3 ~ . E 05 lJ38 . 6069 91 
5 9 .. 99 '3 ') <)'3 1 . S 301 8 E 1 2 . 0G l l! 1 5 • 4 5 GG [, r1 . 60 !) 1-J-2 7 . 60 7 00 7 
!) ~. 000000 1 . 7 7 1 1 8 7 1 2 . 36 3'3 74 . t~ S'3G l1 . 50 ') 417 . 6 0 7 023 
Gtl. IJOO DOO 1 . 132 :;. og 1 3 . 31 l 'H9 • 4 E: 0 1! 3 t; • 5 05 Zf 03 . 5 07037 
65 . ono nn 'J 2 . 11 1 1 29 1lf . 91 77 52 . 4 5229 7 . 6 05 399 . 50 7 050 
6~ . 000000 2 • . 33 7 13lJ 4 1 6 . 2 3 2 7 8 ~ .Lf 5 IW 5 1 . 605391 . 60 7 062 
7 o . ooonno 2 . :. '3 8 1 711 17. 3 13 00~ · '4 55 7 5 5 . 6 O~d8 4 . 60 7 0 7 3 
1 2 . noonoo 2 . 9 1 3 88 3 1 9 . 7 C ~ ~~.2 '3 • 4 G 7lf 1 5 . 505377 . t07082 
7 3 . '39 '3'3 '39 3 . 3Cl5G2 5 22 . 1 '13 6 33 .LI E- 903 7 . 605 3 7 2 . 60 7 091 
7 5 . 00CrJOO 3 . !3 (]5 8 ~.:; ~ 25 . 33.::3~~ '3 9 . 47 06 2 6 . 6 0 515 7 . 507 0 98 
7 7 . <:J99'lTJ ll ~ 1f G37 l! 9 z '3 .. s .~ 3 3 5 0 . 47 2 1 8 6 . 60 5362 . 60 7 105 
R 0 . ODO flO O 5 . ' ') 17 20 35 . 41 '? 3 '!7 . 4 7 3 7 2 3 . 6 0 5 ~~5 9 . • 507110 
sz . ooor:wo 6 . 7f)g7 1 7 IJ Lf • 2} 7 9 0 ~J • l~ 7 ::; 2 '11 . 60~d56 . 5 0 71 1 5 
Fli! . C10CflnO 3 . r.~1 7 F73 58 . ·FG 4J2 . ~1: s 7q 2 . 505 ~54 . 5 0 7118 
r.r . • o oonr. r 1 3 . (2[: l l2 S8 . 1+ DS2 7 0 • l l 7 8 2 3 3 . GOS352 . 5 0 7121 
2'3 • (lrJ [l r r;r. 2 7 . ?1G 7 ~: ~: l 7 G. 77 'JC2r1 . rn g 1 1 :> . so:. )!:::.1 . f;D 71Z 2 



NGTH OF PLA TE= 6 . 000nno 
NIMUM ANGLE OF PLAT E= 7. 91 56~3 

PLITUDE OF VIB RATIO N= 5 .7 5 1Z 7S 
t1N GLE=· T H ICK~.t f.SS= t• RE.!\= 
R. noo noo . 1 9 2 42 7 a . qz7 5 a9 

lO . OOO CO O . ? 00053 7 . Qq013? 
12 . 000 Cr! O 
1'~ • 0 0 0 !l r. (l 
15 . o oo ~ n o 

1n. ooon oo 
ZC'. OIJ OGOO 
2?.0 00000 
211. ooor nfl 
?.f' . UGO!JIJO 
2B. oo on:10 
3o.or oonn 
3?. . or onno 
3l~ . o no 'ln n 

3G. ocoono 
3B. Ot1 0r c o 
!Jo. oooono 
'JZ . OOO OOD 
IJ lJ • 0 0 0 f:: !) Q 
I.J S . Ol!D(lf1 0 
~~s . conr c o 

50. 0CQ fl rJO 
57 . 0CO rJn O 
~ r, . o r o n n D 
5 s . ':3~1 9'3 19 
53. GC OCHlO 
59 . 3 9 <) 9 •3 9, 
t.7.o nc nnn 
511 . ooon on 
56 . oror nn 
58.0 0 0 0 00 
70. 0 [;0[180 
7 ? . 0COf:l !J O 
71. ') 'J ']') '19 
7 5 . or10 rno 
7 7 • .J 9 9 9 3 'J 
8 o •. n r· on r. D 
R?. . r.o nnno 
s ,, • r- o o r, n c 
sr. .c cn:1no 
8 o '• n C' n r: ,., n 

.~o <J l ·Jo 

. 2' 1-3 [ 7 3 
- ~2'1')()5 

• ?II 0 (}:)I~ 
. ? S 2 l ?L~ 

. ?51) 111 

.?7 9 1 2 1 
• ? 9 !J222 
. 1 1 0435 
. 328028 
. 34 6122 
• -5E 7 2 ·~c~ 

. :)8J259 

. '11 29'3:5 
• 'U 35 ~i S 
• 115 b 1112 
. LJ 3E '>So 
• 5 2 9 ''E)2 
. SCS l ~U 

• r,OLt21ti 
- f'.ti7 ":3~) 

• 59 ~~ g l'i3 
. 7li 7 58 9 
• s r~ F 1; 7 11 

~ R 7 2 C .3 7 

.. <)it 7 7 l f 9 
1 • f1 :~ 3 c 'l 7 
1 . LnO~tC 
l . ?q'3'::5 '1 
1 . ~ 8 3 ?G2 

1 . '-) tjf)~·. ;.:[ 

l.7b:: -~ 50 

Z . f1 32DG3 
2 • ~) 3 5 : . ,, 9 
Z . S773 0 7 
~;; • r. 1 2 8 ~ ~ ~~ 

L~ • . 'l 313G g 
7. "' r 7 r, l.s 

1 :r ... ,- c; r: r· -~ ::: 

6 .1 398 23 
5 . 5 1 9 1; 13 
S . 0 7 5 !-11 3 
Ll • 7 ~) Q If (111 

rJ . 51 0 ZiJS 
Lt • . L:UZ 1 7 
4 . 2 0 4 956 
4 .1 1 5 7 7 2 
~ . 059S J 8 

4 . 0? 9~ 2 7 

4 . 02 4 3 1 6 
4 . 0409 1 3 
4 . C777 S9 
4 . 1 3J9 Zl 
lJ • !: fJ 3 ~ g 3 
It • 3 [l :~ 0 5 f 
4. ~n t.c o7 

-4 . 5 ::;[16 1 5 
ll . 7 DG::>z? 
Lt . 8'~s ~;o 5 

5 . ~ '32 5 77 

5. 3Z-S 7 0 G 
., . 5'1'lU 1 3 
~ •• . 3C J QGr. 
5 . 2 ~ , t=;DU.1 

6 . 5 7 J 1 !t s 
7 . 1s :n n 
7 . 7 ? 7 !.9 1 
B . Lf 0 1 5iJ lf 
':3 . 2 1 1}9 2 1 

1 D. 21.U 7 5 
1 1 .. 1! [, 5 7 5 '3 
1 .3 . 03Cl4 U3 
1 5 e 2 3 7 6 ]<; 
1 3 . 2E .BS!J 
22 c .:30 7 3 1LJ 
-so . 3fl 7 S5 1 
lj ~; • S :. '12 ! J 11 

::1 1. r;" ~ 'l lf r.' 

SOt 

GA T E CYCLE= 
. Olt5~> 42 

• :206070 
. ?!=', fE-35 · 
• 3 0 1 ~ 2 97 
.. :BCL79 
.. 3 s 0 li s '3 
~ .3 f:59S5 

• :) 7 31~ n 9 
. 38 '337 7 
.. -39 7f':-.7 
• 4 [1 SZCI [' 
. 'H17G8 
.417 5S5 
. 4?270[ 
• . ~ ;~ 7 :~ ~3 

. 4 3 1S Z1 
• ·!i· 3 ~~ 3 l } 0 
. 43334[ 
.~H?U 8 3 

• 4 11 5 0 8 3 
• J;.l ! 7 8 ':) 3 

. lJso:, z3 

. 4'i ::; oco 

. 4~ 5 3 lf 3 

. LJ 5 7 SC7 

.fl.:; '] ( 8 7 

. 4 5 171 5 
• 4 E 3 t.r-i 0 
• lf 55 5 3 1-t 
. 4 E 7 3Lf ~ 

. Lf59Cl:35 

. IJ- 70 7 9 9 
• 117 ,?!! 58 
• I ~ 7 ~ ~ 0 8 0 
• ' I 1 sr. c ·3 
.4 7 7 228 
.47 3 7 Gr:i 
. ll 30 2F3Z 
~ 1l <> 1 7 e 3 
.4 .'332 71., 
• l i ;i I : 7 [\ F 

OISP LAC EMENTl= 
. 333 1 66 
. 3 33113 
. 333069 
.3 33 0 1'3 
. 3 3 2 '359 
. 33?3 18 
. 3323G7 
. 33?316 
. 332766 
. 3 ~~? 7 1 7 

. 332 5 58 

. 3 .3;~52 1 

. 3 .3? S7 5 

. 332 ') ) 1 

. 3 .~2 1~33 

. )32lfl! 7 
• 3 32 l} 0 s 
• 3 3 2 no 
. 3 32 3 34 
.3 3?~00 

. 33?.?E 8 
• . 332.23 1 
. 332209 
. 3 :3Zl.8Z 
. 3 .E l 5 7 
. 3 _~;.c'l33 

. 3 5?111 

. 3 32 0 91 

. 3320 7 2 

. 33?.055 

. :3 'i?.039 

. 3 32 0 25 

. 3 3 2 012 

.. 31200 1 

. 3 :~199 1 

.3 3 1 '333 

. 33 l <H 5 

. 331970 

. ~ ) l'J G 5 

. 3 311 G2 

. ~ n l Eo 
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4). Results and Discussion. 

The computer outprint tabulates the angleS, in steps of every two degrees. 

The maximum and minimum angles of the refractor plates are printed so that 

the gate duty cycle equation holds within these range. The steps in evaluate 

these are given in the Appendix. From the d~ta cards, there is a change in 

the distance m of the front surface of the refractor plates from the entrance 

slit. The closer it is to the entrance slit, the better is the gate duty 

cycle. 

Since the refractive index is a function of the incoming wavelengths, there 

is a spread of the output spectrum. In our calculation, the spectral jump, 

~' is taken to be that from the center of the detected wavelength region. 

From the computer outprint, there ar ~e two columns, displacement 1 and 

displacement 2. These are obtained !rom the different refractive index ~, 

corresponding to the two ends of the detected wavelength region, and is 

an indication of the smearing of the output spectrum from its central 

position. 

A compromise between the gate duty cycle and its weight is required and 

the dimensions of the refractor plat i~S for N02 and so2 have been chosen, 

as shown in FIG. 8A and FIG. 8B. Thes e give a gate duty cycle of 0.47 and 

0.48 for No2 and so2 respectively. They are clos e to the ideal gate duty 

cycle of 0.5. 

The distance d of the refractor plates does not represent the amplitude 

of the vibrating tuning fork. Because of the divergence of the so~ce, the 
" 

amplitude of the fork should be a bit less , given by 

d - ( s+m ) TAN tL 

The material chosen for the refractoJ:- plates is fused quartz, which has 

more than 90 • transmissivity in the ultra-violet region where the so2 
is being detected. It has good optical quality and can be manufactured 

at any specified shape and size. 
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An estimation of the possible. error in the gate duty cycle D1 is given 

in the Appendix. It amounts to about 2% for some typical values of the 

refractor plates. 

5). Conclusion. 

The dimensions of the optimum refractor plates for so2 amd N02 are 

ca~culated and given in FIG. 8A and FIG. 8B. These are going to be used 

in a modified correlation spectrometer using as a point sampler. The gate 

duty cycle of 0.47 and 0.48, are very effi~ient as compared to the 

prototype. 
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·APPENDIX 

l). Evaluation on Constrained Conditions 

From first condition, 

. .. 

n ~ SIN e>C TAN e + COS c(. 

cL = 7.2667 
0 

0 

n = 1.4878 at 3000 A for quartz 

TAN(} <:. n - COSoC 
- SIN r£ 

0 e ~ 75 36• 

~ = 7-15° 
0 

n = 1.4664 at 4400 A for quartz 

From second condition, 

d ( 1 - COT ft TAN oC) ~ 2 (s+m) TANoC 

or 

• 
•• 

• • 

COTe ~ r d - 2 (a+m) TANoGJ 
· -[ d TAN oC 

TAN rl = 0.1275 
d = 6 mm. 

s+DJ = 3 mm. 

COT 8 ~ 6.86 

0 e ~ 8 18• 

TANrL =0.1255, 
COT 9 ~ 6. 74 

d = 6 mm., a+m = 3.6683 ml'll .. 

The above estimation for the maximum and minimum angles of the refractor 

plates give an idea of the magnitudes imvolved. Different values of n, S+m, 

d, and cl will ;yield some other angles. 
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2). Error Estimation 

It is stated that the gate duty cycle is more important than the weight 

of the refractor plates, and there are tolerances in manufacturing the 

required dimensions of the refractor plates. Therefore an estimation of 

the error introduced,if the tolerances are accounted for, will give an 

insight of the change of the gate duty cycle performance. 

From the gate duty cycle equation, we have; 

D =l:_ {l _ _E_ SIN-1 [ d COTBTANJ: + (s+m) TANl] J 
2 T( d - (s+m) TANcL 

From differential calculas, total error in D is given by, 

dD =~~~I ~d +I~~ I se •1 ~js.c + /~fs+m) / S (s+ml 

each of the partial derivatives is calculated as following; 

a). o D _1 { l- [' dCOT9TAN<( + (s+m)TA~iff{d- (s+m )TAN oG COT STAN,£- g_\ 
'0 d = :t d-(s+m)TANc£ } @-(s+m)TANc!)2 j 

= (s+m)TANc((l+COT9TAN~] 
Jr [d-(s+m)TAN c£] J [d-(s+m)TAN~2 - g2 

1 

where g = dCOT9TAN~+(s+m)TAN~ 

b). 

dCOSEC2 e TAN r£ 
g2 I 

c). 

1 d SEC2~ k 

= -Jf [d-(s+m)TANJ]j~-(s+m)TAN.£]2 - g2
1 



- 3· 3-

. where k = d COT&+ (s+m) 

d). 

_L 

=-JJ1 _ [ g____J2f 'J[d-(s+tn ) TANtl]TANc( + g TANoCl 
7\ l d-(s+m)TANcgj r [d-(s -tm)TANl] 2 J 

d TANcC [ 1 + COT 8 TAN oc] 1 = --Jt 

Bquations a) to d) give the partial errors- in the respective parameters. 

Assuming, 0 

the 

~ e = o.5 
~ct = 0.5 

0 

~d = 0.2 mm. 
s;(s+m) = 0.2 mm. 

followings are obtained, 

~D o.oo65 '1> d = 

'OD 0.062 ~e= 

?> n:' -0.4.55 "()~ = 
~D 0 .. 0107 'O(s-tm)= 

dD = o.oo8 

0 

9 = 60 
0 

rl, =7-5 
d = 5 mm. 

s+m = 3 mm. 

From 'the computer print out, let values of D, = 0.45 

relative error in D = o.oo8 = 2 % 
o.45 
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PART B: DATA ANALYSIS OF CONCENTRATION PROFILE TAKEN WITH A CORRELATION 

SPECTROMETER. 

A). Introduction 

!he instrumental description of the refractor plates correlation spectrometer 

has been given in PART A. The instrument is able to measure the concentration 

of polluting gas in parts per million per meter patblength along the line of 

observation ( ppm-m ). 

In the following analysis, the data are taken from a project measurement 

near the Sudbury areao It was carried out by the Air Reasearch Quality 

Branch of Atmosperic Enviroment Service around June ,1973. The main purpose 

of the proj~ct is to investigate tho workability of remote sensing of 

polluting gases using correlation spectrometer. 

~e correlation spectrometer used in this project is a COSPEC rz from the 

Barringer Research Limitede Disk modulation ~~s used instead of the refractor 

plates, with some modification in the electronics. ~e working and 

positioning of the disk has been given in PART A. For details, consult 

manual of COSPEC~. However, the principles behind are the same for both 

types of modulation. Multistable measurement was used, with four eets of 

slits along the surface of the disk to reduce background interference. 

B). Re.cording of Sudbury Data 

!he COSPECNwas mounted in a station wagon and its telescope was pointing 

out of the window. A reflector adapter was connected with the telescope 

so that the instrument was looking overhead at the sky. A constant power 

inverter, a chart recorder and a mileage indicator were connected with 

the COSPEClZ. When the station wagon was travelling along the road, a 

continuous measurement was recorded on the chart, indicating the concentration 

of pollutant overhead. A typical output is shown in FIG. 9. There are 

three simultaneously recording .graphs on the chart. fhe signal output gives 

the concentration profile of the gas overhead along the road. The auto-

matic gain control ( AGO ) output indicates the optimum operating condition. 
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The mileage indicator gives the distance travelled, and a click is shown 

for every one hundredth of a mile. 

In ~his project, so2 emission from the stack-plULlo was measured. On a 

clear day, the plumes can be seen and tracked 1·or miles. By choosing 

various sections of roads which ran under the plume, the concentration 

of so2 across the plwne section was monitored. Due to the plume size, 

the vehicle took several minutes for each run across the plume. Calibration 

against a standard cell was done before each run commenced, and all readings 

are compared linearly with this standard. The calibration had to be carried 

out against the sky beyond the plume region. Normally several runs across 

the same plume section were made consecutively. This gives a better 

averaging value. 

C). Estimation of so2 emission from stack 

In order to estimate the emission rate of so2 from stack, several procedures 

must be known, as following; 

1) The concentration profile of the so2 along the road is obtained with 

the COSPEC output in ppm-m. The starting time and location of each 

run have to be marked alongside the chart, ao that the exact section 

of the road travelled is known. 

2) The wind velocity at the altitude of the plume should be known at the 

time when measurements were taken. In the Sudbury project, a 

meteorological balloon was used • From the elevation of the balloon, 

time elapsed and azimnthal angle of observation, the wind direction 

and speed (in meter per second) was calculated at different altitudes. 

3) From the regional map, the portion of the road being travelled was 

traced. The shape, scale and direction of the road was obtained. 

After the above procedures 9 the required informations are obtained and 

steps are taken to give an numerical estimation of so2 emission. The 

following steps leads to an equation;-
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a). Because of the variation in the speed of the vehicle, the original 

concentration profile on the chart, as FIG. 9, does not represent 

the true profile along the road .. Therefore it must be reduced to 

the true concentration profile on a distance scale along the road. 

This is done by averaging the concentration within each hundredth 

of a mile and then replot them on another graph, a s show.n in FIG.lO. 

Notice that there are conspicuous spikes shown in FIG. 9, dt~ing 
measurement. These were due to t~e interference on the electronics 

whenever the instrument went under cables or overpasses. Therefore 

they must be eliminated during replotting. 

b). From the obtained road section profile, it was then divided into i 

approximately straight line portions. Then the true distance of 

each ith portion was marked on the replotted graph. As sho~~ in 

FIG. 10, i is equal to 5. The area under each portion of the graph 

was counted and denoted by Ai• 

c). From the wind direction and direction of each portion of the road 

section, the angle between the wind vector and the normal to the 

road was measured geometrically. This angle, ei' was related to 

the normal flow of the pollutant • 

d). The wind speed was measured as v m/s. 

e). The conversion factor from ppm to grams for each gas has to be 

calculated. For so2 , 

1 f So 64 gm. f so . 106 f . ppm o 2 = 22400 o 2 1n c.c. o a1r 

= 22f6o gm. of so2 in 1 m3 of air 

f). Now the true concentration profile of the plume cross-section was 

summed up t takan into account of the angle e i. 
true cross-section concentration=~ Ai cos91 sq. units 

~ 

f). From the standard cell calibration, a real conversion factor is 

required for relating each square unit area under curve into ppm-m2. 

Let l · sq. unit= C ppm-m2 

From the above, 

64 rate of flow of S02 = CJtv )(~Ai COS Qi 'I.. 22400. gm./sec. 
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D). Example and Result 

One of the runs is taken aa an examples to illustrate the above estimation 

of so2• The road section chosen is at Highway 144 and Clarabelle Road, 

travelling east along Hwy 144. The total distance is a mile, and the road 

section is shown below. 

The wind speed, v:8.6m/sec. 

Wind direction = 223° 

N 

f 

From the .above, the road is divided into five portions for calculation. 

The following table gives ~ Ai COS ei , 
"" 

Section Distance in miles i Ai(sq. units) Ai COS i 

1 0.429 12 ll.30 11.04 

2 0.143 3 41.00 40.80 

3 0.090 31 31.30 24.40 

4 0.162 8 20.30 20.20 

5 0.176 47 1.00 0.68 

~=97.12 

From the scale of the graph, 

1 sq. unit = 16150 ppm-m2 

rate of flow of so2 = 16150 ~ 8.6 ')(. 97.12 ')( 22~0 gm./sec. 

= 38.5 Kg./seco 

Thia is equivalent to 3300 metric tons per day. 
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E). Discussion 

From FIG. 10, there are three concentration profiles, indica ting three 

different consecutive runs on the same section of the road. The values 

of the flow rate of S02 are 38.5,32.2, and 44.6 Kg./sec. respectively .. 

The average is 38.4 Kg./sec. and the maximum devia tion from this average 

value is about 6.2 Kg./sec. or approximately 15 %. This fluctation is 

expected because the wind velocity is v~rying all the time, and what 

we measure is an instantaneous value. More runs are needed for a better 

average value. The following points should be observed for accuu'ate 

results; 

le Conspicuous spikes,caused by overhanging cables, must be smoothed 

out. Distinction between real concentration peak and faulty 

spikes must be recognised. For a short response time of the 

instrument, the spikes are. long and sharp, and background 

fluctuation are measured into the signal output. A medium response 

time, together with a moderate driving, are desirable. 

2. The wind velocity at the plume height should be measured at the 

same time as the readings are taken. If possible, a continuous 

recording of the wind velocity should be made so that any sudden 

fluctuation can be noticed and accounted for in the output data 

analysis. 

3. In calibration and subsequent measurements, the background radiation 

and changes are assumed to be constant. Therefore a steady, or 

slow changing, background gives a more reliable reading of the 

true concentration. 

4. In arriving at the emission rate per day, a constant output from 

the stack is assumed. This is not very true. Therefore sets of 

readings at different time of the day should be taken, and at 

least several runs should be made for each set. 

The above met.hod of chasing the plume with a vehicle is tedious and the 

results in analysing are time consuming, especially a lot of data have to 

be analysed. Method of driving the spectrometer· ·to sweep across the sky 

has been considered. With a driving mechanism, the reflector adapter can 
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be rotated in a vertical plane and lights can be reflected into the 

instrument. If possible, a data acquisition system can be incorporated 

so that readings are taken and stored automatically for every degree of 

the angle swept. These readings can then be computed using a computer 

program. 

F). Conclusion 

From the result, the emission rate of so2 was found to be approximately . 

3300 metric tons per day. This is comparable to the several thousand tons 

obtained with the in-stack sampling. Values of some more data and results 

from Sudbury at the same time will be given in some other report. HoY-ever, 

their values are within the several thousand tons range. Therefore the 

using of the correlation spectrometer as a remote sensing is quite justified, 

at least in the case of so2 • 
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ABSTRACT 

The thermoelectret properties of Mylar, employed in the 

form of a membrane, was studied. An optical method was used to measure 

the residual surface charge on the electret. Investigation were made 

of the variation of surface charge with temperature, charging voltage, 

charging time, and cooling time. These were related to various proposed 

mechanisms for dipole orientation, ionic displacement, ionic trapping 

and direct transfer of charges during air breakdown. From the dis

placement of the membrane surface under an applied field, the surface 

charges can be related to the applied field. 
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electrodes . 
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1). REVIEW OF THERHOELECTRETS. 

A). Introduction 

The !:erm " electret " was first introduced by Oliver 

Heaviside (1) in 1885 to denote a "permanently" polarized dielectric. 

Thus it is an electrical analogue of a permanent magnet. However, the 

first serious study of electrets was carried out by Eguchi (2),(3), a 

Japanese physicist, in 1919. By using a molten mixture of carnauba wax: 

and resin, and subsequently cooling them under an applied electric field, 

he was able to produce an internal electric polarization in the solidified 

carnauba wax~ The polarization remained when the applied field was removed. 

The degree of e~ectric polarization is usually evaluated by measurement 

of the free charge produced on the electret surface. 

_ The electrets prepared by Eguchi were termed 

"thermoelectrets" because they were produced by heating up the dielectric 

thermally, applying an electric field andl then cooling with the field 

applied. However, electrets can also be formed by applying an electric 

field alone. These are called "electro electrets·". In 1937, Nadzhakov (4) 

discovered that permanent charges could be produced on certain dielectrics 

after application of an electric field together with illumination by 

light. He called this type of material a "photoelectret"; later many 

applications were made using this phenomena, e.g. in electrophotography. 

· "Radioelectrets" have been studied by Gross (5) • . These were produced by 

application of an electric field together with x-ray radiation. In 1964, 

Bhatnagar (6) discovered electrets produced by electromagnetic induction. 



These are called 11magnetoelectrets11 • 

Eguchi noticed that the charges on the electrets 

decayed to a "steady" va.lue after removal of the applied field. Most of 

the time, a charge opposite to the charging electrode would result and 

thus it was given the nai+te of "heterocharge11 • But when the initial applied 

field was strong, the heterocharge would decay and finally reverse polarity. 

This produced a "homocharge", which has the same polarity as the charging 

electrode. 

BJ. Methods of producing Surface Charges 

In Eguchi's carnauba wax: preparation, direct contact 

was made between the electrodes and the wax. Various temperature and 

charging voltages were usei and the resultant surface charges were 

different for different samples. In order to have reproducibility, Gerson 

and Rohrbaugh (7) purified the wax and made them into disks having smooth 

finished surfaces. Under controlled temperatures in a dessicator, and 

using fixed charging times and cooling rates, the results were reproducible. 

Because a homocharge has a longer life than 

a heterocharge, it is more desirable. Perlman and Reedyk (8) obtained 

very high homocharges on dielectrics by using appropriate dielectric 

materials on the charging electrodes. The electret sample was then 

sandwiched in between the dielectric bonded electrodes, but separated by 

an air gap on either side of the electret, thus forming a "five-layer" 

capacitor. During break down of the air gap under a high applied electric 
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field, charges were transferred onto the sample surfaces, thus lowering 

the field and a further breakdown could occur. This process went on until 

the charges on the electret produced a sufficiently high field to count

eract further charging. 

Creswell and Perlman (9) charged Mylar by rolling it 

under the very high field produced by a pointed electrode. Charges were 

deposited on the Mylar surface by the resulting corona discharge. This 

method gave reasonably uniform charges on the surfaces, particularly if 

a number of electrodes were used. 

Recently, Chudleigh (10) had introduced a very simple 

way of charging polymer foils by using a liquid contact. A, thin film of 

polar-liquid is used between the electrode and the polymer ~ After voltage 

is applied for a given time, the liquid is drained away and the electrode 

removed. This gives precise control of the ·initial polarization voltage 

and produces highly uniform charge deposition. 

The following report will be concerned o~y with 

thermoelectrets. The electret material employed was Mylar in the form of 

a membrane. This was charged by induction. One electrode was separated 

from the Mylar by an air gap; the other was in contact with the Mylar. 

The Mylar surface had a very thin vacuum deposited layer of aluminum. 
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C). Methods of measuring surface charges 

Eguchi (11) used the induction plate method to measure 

the free charge of a permanently electrified dielectric. A circular plate, 

together with an adjacent guard ring, was placed. on the surface of the 

electret. The charge induced on this plate was then transferred to a 

capacitor. Next, the potential of the charged capacitor was measured with 

a calibrated gold-leaf electroscope. From measurement of the potential, 

the capacitance of the capacitor, and the size of the induction plate, the 

surface charge density and therefore the degree of polarization could be 

calculated. This could also allow calculation of surface charge density 

for any other size of the particular dielectric material. 

Saito (12) suggested the use of an electron beam 

passing near the charged electret. The charge density can be calculated 

from the angle of deflection of the beam. Similarly Kleint (13) measured 

the potential distribution using an electron beam probe. 

G~oss (14) used a dissectible capacitor to measure 

simultaneously the external current flow ( when electrodes were short

circuited ) and the induced charges o~ the electrodes of the capacitor 

containing the dielectric. After the charged dielectric capacitor was 

short-circuited, the electric charge found on the electrodes is due to 

induction by the internal field of the dielectric. We made use of 

Maxwell's equation, 

J(t) = i(t) + dq/dt 
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where J(t) is the external current, 

i(t) is the conduction current across the dielectric

electrode interface, 

dq/dt is a measure for the displacement of charge carriers 

within the dielectric. 

We can calculate the component of the conduction current i(t) when values 

of the external current J(t) and the induced charge q are known. This 

gives more insight into the dielectric behaviour. However, it has the 

drawback that a discharge can occur through the air gap and therefore 

measurements must be made in a vacuum to achieve accurate results. 

Freedman (15) had suggested vibrating an electrode 

in the field of the electret while measuring the short circuit ac current 

or open circuit ac voltage. The surface charge can then be calculated. 

However, ideal short or open circuit conditions can never be achieved 

and the results must be corrected for circuit parameters. 

Reedyk (16) and Perlmru1 suggested vibrating an electrode 

in the surface field while observing the electrode signal voltage on an 

oscilloscope. A bias voltage is applied across the electrodes and then 

adjusted until the electrode ac signal voltage becomes zero. Both the 

surface charge and its polarity can be related to the bias. The technique 

has the advantages of being non-destructive, is independent of circuit 

parameters, and does not produce discharges at atmospheric pressure. 

Ballik (17) proposed a new technique for the 



measurement of a charged membrane by making optical measurement of the 

displacement of a reflecting membrane. It was used as the movable reflector 

in a Michelson interferometer. Simple calculation and analysis relate 

the electric potential in terms of displacement. It is non-destructive, 

simple to use, has high resolution and accuracy. Furthermore it can be 

used to investigate fast electret charge decay. Details of the technique 

will be given later. 

In the following experiments, charges on the dielectric 

surface were always measured using this optical method. 

D). Theory and Hechanism of Charge Production and Decay 

Many workers have attempted to explain the nature of 

the homocharge and heterocharge. Different explanations have been given 

for the change from a heterocharge to a homocharge after some time interval. 

The following presents some of the various theories and suggestions, and 

differences between them. 

Adam (18) was the first to give some theoretical 

basis to electrets. He assumed that the heterocharge is due to the 

orientation of dipoles in the dielectrics, and that homocharge is due to 

free charges which compensate the heterocharge. If the relaxation time of 

the dipoles is faster than the decay time of the free charges, then a 

conversion occurs. The transition from heterocharge to homocharge is 

explained by the decay of the heterocharge which then produces an un-
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compensated free homocharge on the electret surface. Gemant (19) objected 

to the above theory because the initial high polarization observed 

experimentally could not be accounted for even when all the dipoles are 

orientated. However dipole orientation is a complicated mechanism, as 

shown by Groetzinger (20) in thermal conductivity experiment, and by 

Ewing (21) in x-ray diffraction analysis of the structure of thermoelectrets. 

Gemant (19) then proposed that heterocharge is due 

to the displacement of ions, forming space charges near the electrodes, 

and that homocharge is due to piezoelectric effect caused by the deform

ation of oriented crystals in a thermoelectret. This deformation is at 

right angles to the direction of polarization, and it appears during the 

cooling of a dielectric. However Theissen (22) et al carried out stress 

experiments and found that an applied stress had no effect on a homo

charge. However the displacement of ions to produce a heterocharge was 

confirmed. 

Nakata (23) had tried to explain homocharge on the 

basis of a separation of materials near the surface. The material subse

quently acquired charges from direct contact at the dielectric-metal 

interfaces. This was disproved by Thiessen (22) et al, who proposed that 

there are both internal and external polarizations. The internal component 

is due to ion displacements, which. are frozen in at the end of the 

polarizing process. The external polarization results in a homocharge, 

and is due to ionization in the air gap produced by a large field. 
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Later, Gross (24), by measuring surface charges and 

discharge current sioultaneously, was able to distinguish between homo

charge and heterocharge. He concluded that heterocharge are formed by 

all the processes of charge absorption in dielectrics, and that homo

charges are due to breaksowns at the dielectric-electrode interface. 

Conversion of heterocharge into homocharge is due to a gradual decay of 

the internal polarization while the surface charge is retained. Dipole 

orientation, ion displacements, and the appearance of charges at macro

scopic inhomogeneities were all considered as intrinsic heterocharge. 

Charge formed by conduction currents flowing through the dielectric

electrode interface were considered as intrinsic homocharges. Therefore 

a surface measurement is a combination of the two ( homocharge and 

heterocharge ). A rapid decay of a heterocharge, relative to the decay 

of a homocharge, ~all . result in a net homocharge at the surface after 

some time interval. 

Gemant (25) then developed a theory based on three 

processes: 

a) Displacement of ions and dipole orientation give the heterocharge, 

b) as the field intensity in the electrode-dielectric interface increases, 

there is a drift of ions from the gap and the oriented dipoles form 

into groups. 

c) Later, the dipole fields neutralize ions in the interior of the 

dielectric and the ions from the discharge gap are held at the 

surface, giving a net homocharge. 
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Gemant's theory explains the observation that dielectrics 

with high electrical conductivity predominantly have heterocharges, and 

that the stability of homocharges are due to lack of decay of free charges 

in materials having negligible conductivity. 

Gerson (26) and Rohrbaugh found that stable thermo-

electrets can be made from nonpolar dielectrics. The electrets are due 

to localization of electrons at deep traps. Perlman (27) has done extensive 

thermal current studies in carnauba wax and found that a uniform polarization 

existed inside the electret. This rule out space charge and macroscopic 

ion displacement. He proposed that heterocharge is due to the trapping 

of ions after a microscopic displacement. This is found to be consistent 

with the observed dependence of thermal currents on temperature. 
I 

From the above evide~ce, the two-charge ( homocharge 

and heterocharge ) theory has been establis~ed and confirmed. Its main 

feature is a volume effect associated with dielectric absorption. 

Phenomenological theories of electrets are given by Gubkin (28) and 

Wiseman (29). 

E). Applications 

An electret is simply a source of electric field. 

This field depends on the charge distribution in the electret itself, 

and also depends on the distribution of neighbouring charges and conductors. 

The main advantages of t h ermoelectrets for a wide range of applications 

(e.g. microphones) are their high internal resistance and their small 

dimensions. It has the disadvantage of having charge decay at high 



temperature and humidity. However, this can be minimized by the use of 

ceramic electret materials. 

Thermoelectrets have been combined with photo

conducting layers for use in electrophotography. Electrets were used 

for capacitor microphones i n telephones and for standard microphones 

by the Japanese army during World War Two. They are currently in limited 

use by the Bell telephone system. The decrease of surface charge of an 

electret, which occurs after irradiation by gamma rays, is used to measure 

the exposure dosage in dosemeters for radiative sources. Electrets are 

used as low-power, hi gh-voltage sources for instrumentation. Electrets, 

in particular thermoelectrets, are used in numerous other applications. 

The field of electrets has revived -r ecently after being dormant for a 

considerable length of time. A considerable research effort is underway 

internationally to better understand both the theory and application of 

electrets. 
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2). EXPERIHENTAL ARRANGEHENT. 

A). Reflector and Membrane Assembly 

The whole assembly is similar to the prototype of 

Ballik (17). The original materials used in the construction were 

aluminum (for support and conductors) and Delrin (for insulators). Later, 

invar was used instead of the aluminum. The much lower thermal expansion 

provided a more stable optical system. 

The 25 micron thick polyester film, (Mylar•) 

aluminized on one surface, was first mounted on a 411 diameter temporary 

support ring. A 2 11 aluminum (or invar) ring, of greater-height, was 

placed under the Mylar and inside the Mylar temporary support ring. 

Using a slight presure, the Mylar surface was stretched and examined to 

find the best optically smooth area. A 211 d~ameter clamping ring was 

placed on top of the first 211 diameter :-ing, sandwiching the Mylar in 

between. Screws were used to secure the Mylar membrane beb1een the hro 

rings. The assembly was then cut away from the 411 ring. A gentle stream 

of hot air was blown over the Mylar surface, which when cooled, formed a 

tight, flat and s tabilized membrane surface. In fabrication, the surfaces 

of the two 2 11 rings must be flat and parallel to within 0.0005" tolerance. 

The alumi nized surface was us ed as the movable refl&ctor in the Nichelson 

interferometer and also as one of the charging electrodes. The completed 

assembly is shown in FIG. 1. 

• known as polyethylene terepthalate, supplied by Hastings and Co.,Inc., 

Philadephia. 
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B). Charging electrode and Support stand for the membrane assembly 

A small solid aluminum (or invar) plate, 1 11 in 

diameter, was used as the back electrode. It is secured to a Delrin plate 

of 2 11 diameter, which is fastened to the back of the Mylar membrane 

assembly. The separation behteen the charging electrode and the Mylar 

membrane was 0.005 11 • The flatness of the electrode surface had a tolerance 

of 0.0005 11 • Note that the non-aluminized surface of the Mylar w~s adjacent 

to the back electrode. 

An aluminum support stand was formed by parts A, B, 

C, as shown in FIG. 1. A Delrin plate, H, then held the Mylar assembly 

to the base stand. A 0.25" diameter hole at the centre of the Delrin 

plate provides access for the laser beam. 

C). Heating up elements and Assembly 

A cyclindrical aluminum cylinder was fitted outside 

the Mylar assembly. A thin layer of fiber-glass tape was wound around 

'the cylinder to provide electrical insulation. Insulated copper vrire 

(#20) was then wound tightly around the cylinder for nearly the full 

length. After one layer of wire, another thin layer of fiber-glass tape 

was wrapped around the copper coil. A second layer of copper wire was 

then wound in the opposite direction to the first, such that the direction 

of current flow in the two layers were opposite to each other. Thus the 

magnetic field from the individual coils cancel out. Otherwise mechanical 

vibration would occur when ac current is passed through the coil because 
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of the magnetic properties of the Invar . (ac was the most ccnven~ent 

method of heating available at the time). Finally a thick layer of fiber

glass tape was wrapped around the second copper layer in order to prevent 

heat loss to the surroundings. 

The front and back surfaces of the plates on the 

cylinder were insulated by cork sheet to minimize additional heat. loss. 

The resistance of the copper coil can be found by measuring the current 

and applied voltage when the coil is at room temperature. The change in 

resistance from the room temperature resistance provides a means of 

measuring the cylinder temperature. The whole assembly is shown as in 

FIG. 2. 

D). Interferometer Arrangement 

The experimental arrangement is shown in FIG. 3. A 

Helium-Neon laser, having a 2 milli-watts output at 6328A (Metrologic, 

Model 360),was used as a source for the ~lichelson interferometer. It 

passed through a beam splitter set at 45.to the laser beam axis. One 

beam was directed towards a fixed reference reflector and the other went 

to the Mylar assembly. Both reflected beams were made incident onto a 

type 6199 photomultiplier. For high visibility the axes and wavefronts 

of the two incident beams were made coincident. The whole arrangement 

was enclosed in a black box (literally!) to minimize acoustic vibra tion 

and stray light. 



14-

E). Electrical supply a nd Recording of data 

The photomultiplier was powered by a stable high 

voltage supply ( Fluke model 415B ). Its output was connected to the Y

axis of an X-Y chart recorder ( Hewlett Packard, Model 2FA ). The heating 

coil l-Ias powered by a low voltage transformer . ( Hammond type 1125;<60 ) , 

operated in conjunction with a Variac. A voltmeter (part of Simpson 270) 

and an ammeter (part of Simpson 260 and a current adapt or) were .used for 

measuring voltage and current respectively, in order to get a. good estimate 

of temperature. 

The complete circuitry is shown in FIG. 4. Two 

regulated power supplies were used to provide de charging and measurement 

voltages; a Harrison ( Model 6209B ) and a Heathkit ( Model lP-17 ) were 

connected through a double-pole, double-throw switch arrangement to 

provide the appropiate voltages across the membrane and charging electrode. 

The maximum output of each supply was about 400 volts. The switches were 

arranged so that the voltages from the two power supply can be added 

either in series or in opposition to each other. Fhrthermore the polarities 

at the membrane assembly could be reversed. The voltage applied across 

the electrodes wa s also applied to the X input of the X-Y recorder. 
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3). EXPERIMENTAL RESULTS. 

A). Preliminary Test 

The voltage across the electrodes ( i.e. _between the 

aluminized coating and the back electrode ) was varied from -200 volts 

to +200 volts and the X-Y recorder was used to observe the photomultiplier 

output as a function of the applied voltages. The positions and orient

ations of the reflectors were adjusted to give maximum visibility. In 

addition, the observed fringes should be symmetrical about the centre of 

symmetry. A typical fringe pattern is shown in FIG. 5a. Furthermore the 

pattern should remain stable during the period required for a measurement. 

This requires that the mechanical stability is ~ept within a very small 

fraction of a fringe ( say< 100/~ ) during the measurement interval. 

Moreover the voltage sweeps have to be somewhat slower than the time 

constants of the X-Y recorder. Otherwise the sweep in opposite direction 

is displaced relative to one another, which results in an absolute 

displacement of the pattern. Note that the centre of symmetry corresponds 

to zero potential present across the electret material. 

In the series aiding position, the voltage was 

adjusted and the fringe pattern observed to obtain an estimate of collapse 

voltage of the membrane (17). Care was taken during the rest of the 

measurements not to exceed this collapse voltage. 

When aluminum was used for the assembly, it was found 

that the forward sweep and the reversed sweep of the graph did not coin-
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cide when the assembly was heated or cooled. This results from changes 

of path-length in the interferometer arm due to thermal expansion. A 

great improvement occured when the aluminum was replaced by invar. 

When the membrane ·was heated by passing current 

through the windings, grea t care was taken to ensure that the temperature 

was considerably below the melting pointing of Mylar, for obvious reasons. 

The relation , 

V =I R.( 1 +ti.( T- 20.)] 

provides the relationship between the winding voltage V, current I, and 

temperature T. R.is the resistance at room temperature, and ~ is the 

coefficient of resistivity. For copper, r:l = 0.004/ •c., at room temperature, 

• ~=20 C, the observed voltages and c~rrent parameters was V=5 volts and 

I= 1.68X5 amperes. f.1easurements were taken sufficiently quickly that 

negligible heating of the winding occured. 

5 R = 5~ 1 • 68 = 0.595 ohms 

and v =I xo.595 [1 + o.oo4 < T - 20•) 1 

or 

Table 1 gives typical data for converting the various parameters to 

winding temperatures. Note that several minutes are required before the 

membrane temperature approaches the winding temperature because of the 

thermal inertia provided by the aluminum in the membrane assembly. 
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The actual voltage across the Mylar will be equal 

to the applied voltage only at the voltage corresponding to the centre 

of symmetry of the fringes of the typw shown in FIG. 5b. It can however, 

be calculated for other applied voltages. Consider the following 

arrangement, 

a = dielectric thickness 

r d = air gap distance 
T v cl v = total applied voltage _il 

I ~rc3 ro.. 

From the diagram, 

V = d E + a Ed 

= Ed ( d K + a ) 

Where Ed is the electric field of the dielectric, 

K is the dielectric constant, 

;. voltage across dielectric, Vd = Ed a 

For the Mylar, K = 3.3 

a = 25 microns 

at V = 0 volts, d = 0.005" 

• and ]\, =6328 A = 0.0000249" 

= __ v;._;a::;__ 
K d + a 

From curves similar t .o that shown in FIG. 5c, the number of fringes moved 

can be related to applied voltages because the spacing between adjacent 

peaks corresponds to A/Z. This allow calculation of the actual air 

separation d. From theoretical calculation given by Ballik (30), collapse 
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voltage corresponds to 1/3 of the distance of the zero field separation 

between membrane and electrode. 

collapse voltage 1 =3,.: 0.005" 

= 0.001667" 

• = 67 ""- at 6328 A 

4 n3 
= 27 k Corresponding voltage is given by 

where D is the separation of air gap in meters, 

k is the proportionality constant. 

However the value of k was found somewhat difficult to measure. Values 

ranged from 2.4 to 4.0 (working in units of wavelength) result~ng .in 

a collapse voltage in the range from 670 volts to 540 volts. Values of 

the voltage across the dielectric are tabulated in Table 2, as a function 

of the applied voltages across the electrodes. 

B). Membrane Heating Assembly 

The transformer input voltage was adjusted by means 

of the Variac to provide the necessary voltage shown in Table 1, corres-

ponding to the required temperature. During i'iarm-up, the voltage was 

kept constant. However the current decreased, indicating an increase in 

resistance and therefore a rise in temperature, as expected. After 

approximately one hour, the current stabilized to a fixed value, indicating 

that a steady temperature had been reached. The voltage was then applied 

across the electrodes. Aft e r a predetermined time ( from several minutes 

to several hours ), the power to the heating coil was removed; the 
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membrane voltage however, continued to be applied. Approximately two hours 

were reauired for the system to come to room temperature. The electrode 

voltage was then switched off. 

C). Duration of Applied Electrode Volt age during Cooling Cycle 

A series of measurements were carried out in whica the 

Mylar membrane assembly was heated to a fixed temperature of approximately 

145°C and then cooled. A voltage of 400 volts was applied across the 

electrodes. From Table 2, this corresponds to 27 volts across the membrane. 

Cooling commenced half an hour later after application of the electrode 

voltage. Measurements of membrane potential were made, in successive runs, 

16 1/2, 12, 5, and 2.5 hours after cooling commenced. During these cooling 

cycles periods the electrode voltages were continuously applied. The 

measured voltage in each case was 22 volts, as shown in FIG. 6. This 

indicates that the interval the voltage is applied at room temperature 

does not affect the measured membrane voltage or surface charge. Thus 

once the sample is at room temperature ( after approximately 2 hours ), 

the applied voltage has negligible effect on the surface charge. 

D). Variation of Charging Time 

500 volts ( from Table 2, this was 39 volts of mem

brane voltage ) was applied to the electrodes at a membrane temperature 

of about 110~ for a seri es of charging times, previous to cooling, of 

4, 2, 1, 0.45, 0.25, 0~20, 0.10, and 0.0 hours. The winding voltage was 
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QWitched off at the end of each charging time ( the applied electrode 

voltage remained ) and the assembly cooled dovm to room temperature. 

The electrode voltage was removed approximately 10 hours after cooling 

commenced. Then the electrect potential was measured. Results are shown 

in FIG. 7. It can be seen that the induced voltage increases quickly 

during the first two hours interval and reaches a value which changes 

very slowly with large increse in the durationof the applied voltage. 

E). Variation of Electret Potential with Charging Temperature 

500 volts was applied across the Mylar for one hour. 

A series of measurements were made at different temperatures. These were, 

0 

in order, approximately 160, 135, 125, 120, 111, 106, 104, 93, and 86 C. 

The measured electret potentials are shown in FIG. 8. A large increase 

0 0 

in measured potential occured between 80 C and 130 C, which then gradually 

stabilized to a fixed value beyond 130 C. Below 80 C, the applied voltage 

is not very effective in producing an electret. The maximum effectiveness 

0 

is achieved by 130 C. Further increases in temperature would risk damag e 

to the Mylar. Note that the corresponding curves for materials other than 

Mylar would be different. 

F). Variation of Electret Potential with Applied Voltages 

A series of electrode voltages were applied at a 

charging temperature of 145·C. ' Values of 100, 200, 300, 4oo, and 500 volts 

were applied for two hours for one sample of Mylar and for one hour for 
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another sample, previous to cooling. The electrode voltages remained 

during the cooling cycle of greater than 6 hours. Both gave a linear 

equation within the collapse voltage range, as shown in FIG. 9. From 

the graph, we can see that different samples gave different proportionality 

constants. 
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4). DISCUSSION AND RECOHHENDATION FOR FURTHER WORK. 

1). From the data in FIG. 6, we can see that the duration of the applied 

voltage after most of the cooling occurs does not affect_ the residual 

charges on the electret. At 145•c, the thermal energy is great enough 

to produce an intrinsic volume effect under the applied field. Dipole 

· o~ientation, displacement of ionic charges and ionic trapping are 

possible. Since the applied field used in the experiments described 

here are strong enough for an air breakdown, direct transfer of charges 

across the air gap can occur. These have been discussed in the section 

D of 1). 

In our experiment, the membrane took approximately two hours to reach 

room temperature. Once at room temperature, there is insufficient 

thermal energy tv provide further charging mechanism. This explains 

why the membrane has the terminal charge if the electrode voltage is 

left on until the membrane reaches room temperature, independent of 

the duration of the applied voltage at room temperature. Some 

measurements were carried out in which the electret potential was 

measured before the assembly reached room temperature. Smaller 

electret potentials \-!e re observed if the applied voltage . was removed 

at higher t eoper atures. It would seem that, without t he applied field, 

thermal motion at higher temperatures provides enough energy for 

dipole-disorienta tion, trap releasing,etc. 

A future experiment could investigated many different samples of Hyla r, 
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all measurements being taken under identical conditions. This would 

establish if the results can be influenced by mounting and heat 

treatment of the Mylar, etc. 

2). The data in FIG. 7 has an exponential which can be explained by the 

fact that there is a certain relaxation time for each charging 

mechanism. This depends on the duration of applied voltage because 

the same voltage and temperature were used for all measurements. 

Dipole orientation in a field requires a finite time. Once they are 

approximately ordered, they will be inert to changes. The longer the 

charging time, the better are the chances of the random dipoles being 

ordered. But once saturation is reached; additional charging time has 

negligible effect. The life time of trapping levels of ions are small 

and equilibrium will be reached in seconds, provided the thermal energy 

is great enough. Therefore it is not important here. The effect of 

direct transfer of charges across the air-gap is always present 

provided we have a high enough applied field. The latter can be 

investigated by using much lower applied fields. Such experiments 

would determine the importance of this mechanism. 

3). The temperature effect in FIG. 8 shows an sudden increse in measured 

electret charge between 80°C and 130 C. Dipole orientation surely 

needs a minimum energy ( provided by temperature ) to start aligning 

in the applied field. From the trapping mechanisms, there were different 

trap levels corresponding to different energ~es. Therefore once a 

certain temperature ( kinetic energy ) is reached, that corresponding 

trap level will be activated and releasing or trapping of ions can 
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occur. There is some suspicion that the electret voltage does not 

change continuously but in small steps. 

For further experiments, much smaller temperature increments should 

be used between 8o•c and 130°C. This might help to single out the 

trapping mechanism and their energy levels. Different applied voltages 

and different samples would help establish if other mechanisms are 

contributing to charge production. 

4). From FIG. 9, the measured electret potential is proportional to the 

0 
applied voltage. Since a temperature of 145 C has been used, it is 

in the saturation range as seen from FIG. 8. Therefore a series of 

measurements should be attempted at lower temperatures to see the 

effect of oper~ting below the saturation range~ 

For more reliable temperature measurement, a thermistor ( or other 

device ), located near the membrane surface, should be used. Other 

dielectric materials should be tried to see if the same general 

relations hold. Different sample thickness and different air gap 

could be another variable parameter. 
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5). CONCLUSION. 

The mechanism of dipole orientation, ionic trapping, . · 

and air gap discharge can be explained by the surface charge measured 

on the membrane. The strong dependence on temperature was shown by the 

sudden rise in measured membrane voltage. At saturation temperature, a 

linear relation links the measured electret charge to the a pplied voltage. 

However, the duration of applied voltage at room temperature does not 

affect the measured electret potential. Charging time at elevated 

temperatures has an exponential increase on measured electret volt age, 

reaching a saturation value after about two hours . ( at least for t he case 

of Mylar ). More experiments under various condition should be carried 

out to separate and study each mechanism. 
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TAB:t.E 1 

. 

V(vo1ts) I( 5amperes) v -1 z T_( oc) Z=0. 595I 0.004 

5-5 1.19 0.56 140 160 

5.0 1.12 0.50 125 145 

4.5 1.04 0.46 115 135 

4.0 0.95 0.42 105 125 

3.8 0.915 0.40 100 120 

3-7 0.910 0.364 91 111 

3.6 0.90 0. 344 85 106 

3-5 0.88 0.336 84 104 
' 

3-0 0.78 0.29 73 93 

2.8 0.74 0.27 68 88 

2.0 0.58 0.16 40 60 

TABULATION OF TEHPERATURE CORRESPONDING TO APPLIED VOLTAGES. 
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TABLE 2 

V a 
Vd = K d +a 

Applied Real air 
(volts) Fringes moved(in.) Kd+a va 

Voltage gap(in.) 

100 2 =0.00005 0.00495 0.0173 5.8 

200 8 =0.0002 o.oo48 0.0168 11.9 

300 17 =0.000448 0.00456 0.0160 18. 8 

400 33 =0.00082 0.00419 0.0148 27. 0 

450 44 =0.001095 0.00391 0.0139 32.4 

475 50 =0.001245 0.00375 0.0134 35-5 

500 57 =0.00142 0.00358 0.0128 39.0 

530 67 =0.00167 0.00343 0.0123 43 .2 

VOLTAGE AC ROSS MYLAR HE!-fBRANE DUE TO APPLIED VOLTAGE ACROSS ELECTRODE . 
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