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. .-+ . " ABSTRACT
. B 1)

commonly

‘measured with a dispersfve instrument, . Thejdominant

\'types of dispersi¢g instrumentation are: the mono-

# chromator photomultiplier tube combination, the'specb‘

: trograph and the direct reader. The deSired haract-
er1§t1cs of 'a SLmultaneous multieiement measyrement

system.are present in the above types, but hot one

Msingleytype'has all of them, The desirable charact-

eristics are: 3fa§t, 1inear,Wide dynamic range resmponse;
high sensitiVity; wide simultaneons spectral coverage
‘with good” resolution' and direct conver31on of the light
1nten31ty to an electronic signal, - | -

Attempts to achieve théSe:characteristics'have
, _ s ‘ ' . N -2 T
" been based mainly on’ variations of the dispersive theme.,

1 »

A totallv different. approach is to multiplex the\
informatTon with a Michelson interferometer.

Thls 1s ‘the Fourier transform spectroscopy

13

technique Wthh%:fS been very successful in the mid and

far-IR - To extend its use to the shorter wavelengths of

2

o

P

fthe UV-visible region, the- sampllng of the 1nterferogram e

@mmusgpbe considered because the:clockﬁsignal'(deriVed from -
L a He-Ne I@ser) doe$ not provide a high enough rate to

prevent aliasing. The effects of apodization are examined

" because the~fundamentaI£}ine shape imposed by the

o . Sy




I

-

Fourier transform 1ntroduces side Pbbes around a spectral ’

peak, Phase problems exist for line em1331on type 51gnals
g

because of the' lack of effective correctron procedures,
Thus, the phase problem is ‘avoided by acquiring double-
_ , ¢ y | | n

sided interferograms, ' R,

A versatile Michelson‘interferometer sYstem that

~is capable of Fourier transform spectrochemlcal measure-

ments from the UV to. mld—IR has been developed Laser
7
frlnge referenc1ng 1s used to sequence dlgltlzatlon.v

The veloclty of the air bearing mirror drlve is controlled
w1th the laser frlnge 31gnal uSLng phase locked)loop

techniques,' Interferograms can be time averaged under

white llght 1nterferogram control A unique "pretriéger"

' approach allows acqulsrtion of any desired-number of data

&

p01nts both before and after the zero path difference

' i

p031t10n. " The interferometer is des1gned as a group of

modules whichralloqueasy?interchange and realignment of

N . 9 . ' . ’
the detector, beamsplitter and ‘source, " The 1nterferograms

are acqulred and pr“cessed with a PDP- 11 minicomputer,
To test the( performance of the Fourier transform.

spectrometer, measurements were taken with several

-om

sources and detectors over a wide range of wavelengths,

-~

from the UV to the mid-IR. Simultaneous multielement

flame enissionJand hollow cathode lamp spectra were

acquired
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"~ CHAPTER I

'SPECTROCHEMICAL MEASUREMENTS o

The measurement of atomic spectrochemlcal data 1is

one of the major techniques for. acqu@rlng qualltatlve and

'quantitative information about a sample. In an endeavour

‘to obtain this 1nformatlon as accurately and as qulckly as
pos31ble, there has been a contlnulng long range effort in

many laboratories towards the~development«of effectlve
%

—‘_SLmultaneous multlelement analyses., A key aspect in this.

development is the design of spectrochemlcal_measurement
systems capable of 51multaneous1y measurln‘ys;ectral»-
1nformatlon over a wide range of wavelengths j This- study
is directed to that goal by investigating the fea81b111ty
of a Michelson lnterferometer Fourier transform spectroscopy. -
approach, '’ : . ;

Some background is needed to put this technique Tn.

perspective, The~spectrochemical measurement process is

shown in general terms in Figure 1. Spedtrochemical

.J 4 .
1nformat10n about a sample is encoded by various processes
"such as emission, absorptlon, fluorescence, scatterlng and

reflectlon into electromagnetlc radiation with the information

“represented by the parameters of frequency, 1nten81ty, time,

and space. This mustlbe decoded to get useful analytical

data about the sample.
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o
t

By far the domlnant technlque for the measurement

of spectra is the dlsper51ve system based on the dlffractlon

-
A

grating comblned with ‘a photomultlpller tube (PMT) or-
photographlc plate detector. The maln ‘types of 1nstrumen-
tatlon for decodlng the 1nformatlon, shown schematlcally in

v

Flgure 2 are the monochromator w1th a PMT the spectrograph

pand the dlrect reader,

The spectroqraph has a photoqraph c olate placed at

the focal plane as the detector. Althouqh the photoqr hic

fplate is capable of recordlnq thousands of llnes ln a s'nqle
/exposure as a permanent record, it has a nonllnear 1ntens1tv
response; llmlted dvnamlc fanqe and. verv tedious readout
| In the monochromator PMT comblnatlon the spectral
lnformatlon is dis ersed along a focal plane where an ex1t—
Eolutlon element to reach the photomul—

\a

tiplier tube. The spectrum is obtalned by scannlng the

3

slit: allows one re

dispersive element so that the frequencies reach the PMT
sequentlally. Thls can be very slow if hlgh resolutron
and/or wide spectral coverage is needed HoWever, the 4
PMT has the advantages of hav1ng very good llnearlty, wide

vdynamlc range, hlgh sen31t1v1ty and electronlc output

e

(llght 1nten81tyﬁls_d1rectly transduced into an electronic

31gnal) "~“”;

Ihe direct reader is an attempt to retaln the advan-

tages of ‘the PMT and also achieve simdltaneous spectro-

chemical measurements. Here an exit sllt-PMT combination

#~ e
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°

is mounted at each point in the exit focal plane of a
. . L. : : ‘, . / ,-.../
dispersive 1nstrument'at which measurements are to be made,
<3 -

_But\even at best only a small fractlon of the spectral

'1nformatlon avallable 1n the spectrum’ can be ‘measured,

PN i

Physical size andacost con81derat10ns limit the: direct

LN

reader to about 60 channels,

Over the last few years much effort has gone into

\') -

the development of ~ ihstrumentation that has the best

characteristics of the above types. Desirable character-

istics areEn fast llnear, wide dynamic rangevresponse,
high sen51t1v1ty, w1de 31multaneQus spectral’ coverage w1th
good resqlutlon;_and,dlrect tranpsduction of the light in-
tensity to an electronic signal. ' . | i ‘
The recent technological advances in solid state
electronlcs have produced electronlc 1mage sensors as

detectors (1 2) whlch over a moderate wavelength region

prov1de a continuous multlchannei measurement system.
/

_ Such devices, whlch 1nclude 31llcon v1d1cons (3 6), .

.

’secondary electron conductlon v1d1cons (7), and silicon

‘photodiode arrays. (8, 9), have recently been applied to a *

variety of multichannel spectrochemical fmeasurements.,

performance in sensitivity and wide dynamicvrange.

In addition to these multichannel systems, rapid .

’

| scanning sequential systems have also proved useful for

" . multielement analysis. Both a mechanical slew scan systém

-

‘At presentﬁthese‘devices cannot match the photomultiplier tube



-

based on a programmable monochromator (10),- and what amounts
to an electronlc slew scan system on an- image dlssector

PMT (11) have been developed, .
" Another potentlal approach to the overall problem

is to dlspense with the dlspers1ve system completely and

_use a multiplex technique,. Here the spectralninformation () '

is encoded so 'that a single detector can be usedlto‘ »

SLmultaneously measure. a wide wavelength range (Figure 3),

The most common examples of multiplex techniques are e

Fourier transform spectroscopy and Hadamard transform o/

spectroscopy (12) In the latter technlque, a dlsper31ve

element is Stlll necessary but the spectral 1nformatlon

is encoded in a binary" code based on Hadamard matrlces (13).

In Fourler transform spectroscopy, the information is encoded

in sine ang\cosine oscillations.‘ This.encoding is accomL

plished by a Michelsonninterferometer. The encoded signal,

which is measured with a single detector,.is called an

"D

interferogram, It is necessary to take the Fourier

transform'of the inte?f am’ o.decode it and ohtain
‘the spectrum, Although Fourler transform spectroscopy
has beén assoqiared mith_infrared measurements, there is
no fundamenta ;reason why. it cannot be used for“atomic
spectrochemlcal measurements, |

An introduction to Fourler transform spectroscopy : C:l\;&’
will dlSCUSS some advantages of ‘the technlque over conven- |

tional methods. Also, the basics of how the Michelson

9
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interferometer operates and the method to obtain the final

spectrum from thefinterferometer outiput will be explained.

It is 1mportant to understand the additional factors which -

need to be consLdered when extending the use of Fourier
. spectroscopy to measuring a%omic emission spectra in the
UV-visible spectral region. The sampling of the inter-
ferogram s1gnal is an 1mportant consideration. Since the
information in the UV-ViSible is at a higher spectral
frequency than in the IR.}a problem arlses because the
clock 31gna1 (derived from a He-Ne laser) does not
sample the interferogram at a high enough rate to prevent
aliasing. The output spectrum‘may not have the desired
instrumental line_shape. The ‘process of apodization
-affects the "line shape; therefore,'aoodization‘and its
effects will be discussed, ‘A major‘problemvin Fourier
spectroscopy is the phase error in the interferogram.
‘The standard procedures for phase correction in FT-NMR
and IR do not work effectively for line emission spectra. ’
‘ This problem and its solution will be discussed.-
A Michelson interferometer system has been;built

to study its use as a spectrometer. A block diagram is &

shown in Figure 4., The philosophy behind the de51gn was/

to make a general purpose spectrometer that can be used in _

a variety of instrumental setups. Thus, the Michelson
interferometer Fburier ‘transform spectrometer can be used

—~ to take measurements in the ultraviolet VlSlble or
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!
infrared regions; A variety of sources and oetectors can
be acoopodated to suit the measurement. The meehanical
_design.of the interferometer-will be described“along with
the cohtrol circuitry and the measuremeht electronics.
“The software necessary to acquire and process the inter-
ferogram w111 be éescrlbed A complete listing of the
computer programs along w1th a detalled description is
given in the Appendix,

Finally 'some measurements taken with the Foﬁrier
transform spectrometer\will be given to show the perfor-
‘mance of the a}stem.. Spectra in the visible region were

obtained with a 1P28 photomultiplier tube of hollow |
‘cathode lamps of several elements including Cr, Al, Mg,
‘Ca,band a multielement lamp of Fe, Cr, Ni, Mn, Co, Cu.
Flame emission spectra were also measured . for Li, Na; Ba,
Sr, and Ca. The Mg spectrum was/measured in the UV with
a solar blind PMT. Near IR measurements ye e taken with

/
a 5111con photodlode detector of the flame emission of the

'a%kall metals: -Li, Na, K, Rb, Cs. Qugntitative aspects of

the system were studied with Li flame emission, Mid-IR
easureméﬁts were taken with a TGS detector and a globar

- rd

source and-polystyrene film sample,
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CHAPTER II

FOURLER TRANSFORM SPECTROSCOPY

Al

i

"

A,  Reasons for Using Fourier Transform Spectroscopy

W

e,

The question immediately arises as to what advan-
Al .

‘tages the Fourier transform approach offers over the

stdndard instrumentatidn andjghen what are some of its
disadvantages;"
Fourier transform spectroscopy has been extensively

used for spectral measurements in the infrared regions, but

'so far it has found little application for atomic spectro-

LY a

chemical measurements in the UV-visible spectfal regions.

Much of the incentive fsr the development of infrared

Fourierlspectroscopy came ffom the promise of achieving

two advautages:hiought to attenthn by P, Jacquinot.and

P. Fellgett: the throughput and the multiplex advantages
whlch carry, respectlvely, their, names in honour of/yhelrlt
contrlbutlons to this field. These advantages result in
th?~Fourier transform sﬁectrometer making mo%e eﬁ% cient
use of the light avallable from the source. /

' The Jacqulnot or throughput advantage (14) for the
interferometer arises because the energy throughput, I,
for a given resolution,. R, is greater for an /interferometer
than a grating spectrometer, The reasdn is the

larger acceptance angle for the interferometer withput ©

N 11
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.elemeﬁts M is then:

‘ ' 12

dégrading the reéesolution. The throughput for a grating' )
instrument is limited by the necessity for an eg%rance slit,
The derivation (15) gives the‘édvantdge as:

. N :

K. ﬁIérating

» " . N .
interferometer 2m (1)

= 77 ]

where. 1 equals the slitiheight and f the focal length
of the collihato? of the gfatiﬁg instrument. A typical
value for (l/f) is 1/50 (slit height of 1 cm and a 0.5 m
collimating focal length). Thus the interferometer, in
theory, has over two. orders of magnitude more ehergy
throughput, The Jacqulnot advantage is appllcablg to both
infrared and the UV-visible reglons.

The multiplex (Fellgett's) advantage arises from
the fact that the interferometer is observing éll the
spectral elements simultaneously whereas the scanning
monochromator observes each spectralAelemenf sequentially, o
Supposérthe spectral‘région of interest 1is betwéeh vy and
Vo with a resslution of év. The number Qf resolution -

(vy - vl)/8v . “ (2)°

In a grating instrument each ;esolﬁtion element $v is
observed for“a time T/M, where T is the required time to
scan ‘between v, and_vé. The signal received is proportional
to T/M, Assuming that the noise is random and independent

of the signal intensity, the signal noise is proportional

to (T/M)l/z. Thus, the signal-to-noise (S/N) ratio

N



x

would. be.v

S/N oC. (T/M)l/2 . : (3>

For the 1nterferometer each resolutlon element lS observed

for a time T so that the_31gna1 recelved 1s*proportlona1 to

+

T/2 (the factor of 2 arises because in a Michelson 1nter-

ferometerghalf the light is reflected back to the source)

The 31gna1 n01se, assuming that noise is random and signal

1ndependent 1S°proport10na1 to Tl/z.. Thus, for an

interferometer the . '
s/w e TH/2/2 ) v W
Comparlng -equations (3) and (4), the S/N foj the.ihtet-
ferometer is better than for the monochromator by M1/2/2
Th;s is the case in the 1nfrared region where ‘the
detectors are the majorv30urce of hoiée, and thus the -
noise is éighal indepehdent, Hg§ever, in the‘UV-Visible
region.the detectors are much more sensitive and the noise‘
is determined°by the fluctuations in the number of photons
arriving atAthe detector, There;ean be several spurces;of
this.fiuctuat{on in the number of_photons,(lG,i?}.i One
source is thevstatistical‘nature of iight. 'The noise ievel»
due to this is propqrtional to the,square root of the______,.
source,intehsitf.‘ An even'larger source of noise, especially

when the source is a flame may be source flicker, Noise

due to source flicker is dlrectly proportional to the source

s

intensity so that this may be the dominant noise source

at high signal intensities, Therefore, the benefit of

in

a—_—

13
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N -
'diSCussed by Filler (18)

. : . .
1ncreased signal level- for a resolutlon element due to the

observatlon for the entire t1me T is cancelled because-the

,,-_

'n01se level now increases as well Hepce, in the UV-v1s1b1e

reglon, the multlplex advantage is not reallzed

But the situation is mot quite so clear cut. Both

} the nature of the spectrum and the distribution of the

n01se in the spectrmn can affect the ex1stence of a

multiplex advantage in signal'dkise limited measurement

xéituations. There can be a multlplex advantage with spectra

of 1ow den31ty, such as atomlc spectra. The advantage is

realized if there is llttle or mno/ broadband background

\’_

'radlatlon present or 1f he spectrum does not contaln

(

large numbers of*much‘mor

powerful lines. This has been
Hﬁrschfeld (19), and Winefordner

(20) and essentlally‘the same conclus1on has been reached

-for Hadamard transform spectroscopy (21).

Another factgr that must be con51dered is the pos51—'

BE

bility of a SO- called multlplex dlsadvantage (18 -21). This

‘arlsed prlmarlly because the distribution of photon noise

in a spectrum measured w1th a scanning instrument is dif-
ferent from that in one measured with a Fourier spectrometer.
In the scannlng case, the rms (root mean square) noise is
greatest where the signal is greatest (that is, at the €op

of the-Spectral peaks) In the Fourier case, the noise- tends
to be spread out more Or less unlformly throughout the

entire spectrum. Thus, the S/ N ratio of strong peaks



15

shoul& improve, but'weak_igectral lines may be obscured by
the noise from strong lines that ends up distributed along
the baseliﬁe of the spectrum. Therefore, if the spectrei
‘peaks of interest are small compared to peaks that are nbﬁ
of intereét or background radiation, there is a decrease in
the S/N ratio compared to the scanning instrument. This
prebiem also exists in“Hadamerd traneform spectroscopy (21);
and some experimental verification of this multiplex dis-
!advantege hae been reported (22). | |

Thue}metlthis time no definitiveyconclueions.can
be reached aboﬁf the existence ahd importance of
multiplex advantage and/or disadvantages in photon noise .
limited multipleX~spectrochemical measurements. Morev
experimeﬁtaliwork is hecessary to clearvup’tﬁe situation.
What the above discussion does mean, however, is’ that the
promise of any substantial multiplex advantage cafinot be
a driving force in extending Fourier transform techniqﬁes
into the UV-visible region. In,faCt, some disadvantages
may exist with respect to S/N in certaln measurement
situatlons. '

However, signal-to:noiSe ratio is not'always the
only and'overriding considerarion when carr}ing,oug a
spectrochemlcal measurement,.. It becomes important'only
when nearing the limits of detecnlon and many measurements (D
are made well above this limit, The 1mpressrve suecess

~

and capabilities of the Fourier transform technique in

s
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the infrared have shown that some important advantages
result from the nature of the instrumentation used to

implement Fourier transform spectroscopy. These

_advantages are not dependent on the existence or realization

of the mulﬁiplex advantages.

-Somerdf‘thesé advantages ére;‘ spectraican be
méﬁéuréd with a'véry accﬁtd%e and pfeci$e,anenumﬁer axis
which is predetermined by the sampling inter§al’(no
calibration necéssaryj;‘a wide rénge.of frequencies can
_be éimultanedusly coveréd with\proper utilization of
1aliasing, high resolution can be achieved in é relatively
cqmpacg‘system.along with speed of operaﬁion, thé
resolution functioh is’eésily controlled ‘and manipﬁla&ed
‘as an inherent step in data reduction by use of-apodization
techniques, and computerizatioh of the spectrometef is
facilitated,

The digitiZatibn of the interﬁerogram in a Fourier
transform §pe¢trom¢ter iS'ho:mally:controlled with a
¢lgck signal derived from a He-Ne reference iasqr; This
"provideS'a.fiﬁal spéctfum which has a véry'gccurate'
wavenumber axis with the values along the axis easily
calculéted from thecwéVenﬁmber‘o% tﬁéklaser line (nq\
external calibration.needed). This inherent‘égcuracy
of thé axis gfeatly facilitates ipteggbmparisoﬁ‘of o
~digitized spectra for small peakvshifts and péak shaﬁe

perturBaEions. Also, the accurate axis makes

L]
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identification of spectral peaks easier,

The spectra are in a digitized form as an inherent .

‘part of quﬁdatasreduction, that 1s, td%,spectra are stored

in the computer as part of the data processing. Hence,
further processing such as ratib, peak subtraction, and
correlation of §pectra is easily accomplished’by software,

A benefit of hav1ng the interferogram stored in a.-

' computer is that, if the resultant spectrum does not have

e
the de31red resolution functlon, it is a simple matter to -

- )

.process the, interferogram again with g different apod-

‘ization function (23), Another p0331b111ty 1is to- apply

some form of digital flltering to smooth the spectrum or /

/‘

i A}

enhance resolution (24 25),

A Fourier transform‘spectrometer is‘capable of very

“high resolution (26-28) while maintalning relatively hlgh

'throughput and with a relatlvely compact system.- A

©

grating instrument for high resolution can be quite

bulky., For.eXample. a 2 meter spectrograph is rather

-large and heavy. On the other hand an 1nterferometer

~ with 8 cm mirror movement (16 cm optical retardation) can

achieve niominal resolution of 0, 0625 cm'1 (0.00225 nm at

600 nm) and still easily be placed on a tabletop. @
With proper alia31ng, afT%urier transform spec-

trometer can simultaneously cover a wide range of wave-

lengths while maintaining relatively high resolution.' -

This, alia31ng advantage will be considered in Chapter

17



Considered in the context of capability, both the
cost and basic 51mp11c1ty of Fourier transform spectroscopy
can be con31dered advantages. Present commercial
instruments have not supported the cost advahtage since

" they areqyery expensive;jbut without'ouestion, effective
.systems can be made at considerably lower}COsts.V The
simplicity 1is present in the fact that there is but one
moving part in the spectrometer, the moving interferometer
mirror, “

As a result of these addltlonal con81deratlons, 1t

. seems that a Fourler transform approach is feasible in the"
UV-VlSlble region (29, 30) as well as in the infrared where’

it has without doubt shown very fine’ perto;mﬁ/ce; ‘The

——
-

types of 1nstrumentat10n and many appllcatlons of the

£

Fourier transform approach has been dlscussed in the

° literature (31 37). One major area where Fourler
transform spectroscopy has been used is in astronomy where
much of the development for hlgh resolutlon work ‘has taken
-place (26,27,38- QZ). Theéba31s of the Fourier transform
techniguéA}a‘summarized in the next section.

o

Qo

-
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B+~ The Michelson Interferometer
N :
)
/
" The main optical component of most Fourier trans-

/ \

4£5rm spectrometers is the Michelson interferometer., A

=

1mp11f1ed dlagram is shown in Figure 5. The 1nter- 0
ferometer encodes the spectral 1nformation from the- source
via two beam interference. The output signal at the
detector is called an interferogram._
| The most common arrangement of the Mlchelson inter-\
,ferometer is w1th a beamsplitter at 45° to the source. |
~ . In the v151b1e and infrared regionms the beamsplltter |
material 1s too thin to be self- supportlng, thus, it is
coated onto a support materlal A second equal thickness
‘of the support material called the compensator, is placed
.1n one arm of the interferometer to equalize the optlcal
path 1ength in both arms, The beamsplltter 1deally
reflects SOA of the light and transmits the remalnlng 50%.
The two d1v1ded beams of light reflect off plane wirrors
;t rlght angles to one another and are recombined by the
: beamsplitter. Half of the recombinea light goes to the
Cﬁ\l.detector and the other hglf is returned to the source.
One of the plane mirrors is fixed and the other mirror
can be moved in a dlrection perpendicular to the mirror
surface, ' ' . | |
To see how the interferometer encodes the incident

]

radiation,"assume for 31mp11c1ty that there is monochromatic
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Figure 5. s Schematic diagram of a Michelson
/ ' interferometer.
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Cir

‘'light from the source. When the opticél path lengths

of %he'two arms.are equal, the two beams of

lighﬁ are iﬁ phase when they return to the beamsplitter

aﬁﬁﬁthus inteffere_consﬁructively. Ifbthe movable mirror 

is offset % of the wavelength of the incident light, the |

.optidal path lengtﬁs will différ‘by % a wavelength.- When s
thé'two‘Béams are recqpbined at the beaméplitter, they aré
now l80°'out of pbase and will interfere destructively.

As the mirror is;cbntinuouély moved, the recombined beams
“of light willfaltgrnately interfere constrﬁctivelyia
destructively, fésulting in a cosinuéoidally changing
~~output‘atbthe detector. The maxima of the output
(constructi?e interference) occurs for every % of a
wéveleng;h movement in’the'moqag}e mirrbf, or, in.other
words, for every one wavelehgth difference in op;ical

S T

path length of the two arms., An example of & monochromatic
R . - 5 )
source is a He-Ne laser and its interferometer output is |

shown in Figure 36(a) (lower trace).

o The frequency of the output cosine nge depends on

the wavelength of the incident radiation the velocity

. of the movable mirror. Thus avyery,high optical frequency

14

(for examble 6003nm‘is 5 x 107" Hz) ds uﬁiqﬁely encoded in ¢

the form of a loﬁ frequency oscillation, In the case of
the intefférometer used in this study, the 632,8 nm He-Ne
laser line 1is modulated to around 4 kHz,

If the incident radiation is broadband, there are , \



“'many wavelengths of light. Each Qavele#gth is médulgted
to a different frequency. The output of the detector 'is
then the summation of all the frequencies ﬁrgsent. The
output with a white light source (tungsten bulb) is shown
in Figure 6%f/At Zero path difference,:ZPD (optical path-

L1

lengths equal in the two arms of the interferometer) all
the frequengles are in phase. glVlng a 1arge output signal,
.As the T}réor 15 moved away from the.zero position, the
frequenc'es rapidly sum ou;/tg.a stquy average value. )
fﬁ‘Figur 6 the white light interférogram was digitized

at optlcal ﬁath\gifferénce lntervals equal to one wave-~ r
length of the He-N§~laser 632,8 nm 11ne. The ZPD

position occurs at aboutgp01nt 2048 since the 4096 point

interferogram was sampled‘on both sides of the ZPD position.

22
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C. The Fourier Transformation

The basic process for decoding the interferometer
output is ‘to convert ‘the amplitude--path difference
information represented in the interferogram to the
amplitudee—frequency domain of a spectrum; This process
is called the Fourier transformatioh.

The detailed theory and mathematies of the Fourier
transform has been extensively.documented in the literature‘
- (15,31,32,34,43- 48)\and will not be reproduced here except
in summary. : ' : °

Mathematically the ec sighal called the interferogram

can be expressed as

<

o | v
I(x) = Jr B(v) cos(Zﬂxv) dv \\ (5)

where I(x) is the intensity of the output as a functlon of .
mirror movement X3 B(v) is the intensity of the sburce as

\
"a function of wavenumber v, that is, the spectrum,

Equatlon (5) is one-half of a cosine Fourler transform
pair (45) The other half 1s |

+00

B(v) = ‘f i(x) cos(2mxv) dx . "'; i (6)

-oq

Equations (5) and (6) provides the relatlonshlp between

the 1nterferogram, I(x), and the spectrum, B(v). The



‘\‘u

. the number of 1nterferogram sample points from Xy to Xnax®

A )

L3

spectrum can be obtained by taking the Fourier transform

of the inteLﬂgpngFﬂmf“ S

PR 1Y
If all the optical components were ideal, the

>

inte ferogram in Figure 6 would be perfectly symmetrical,

e

This is not the case, ‘therefore, there are sine components

in the 1nterferogram. Thus, in general, the interferogram

and Spectrum must be related by the complex Fourier

tran form pair, N

4 +00 .
I(x) = B(v) exp(2vixv) dv - (7)
B(v) = f I(x) exp(2rixv) dx . (8)c

The exponential term contains both cosine and sine

o _contributions (45),

In practice, the, interferogram cannot be measured

. to infinite path difference, but only to a maximum path

difference Xnaxe Also, the interferogram is measured at

certain intervals of position; that is, the function I (x)
is not continuous. The integral is then replaced bv a”

sﬁmmation. Equation (8) is then replaced by

[

N=1 : |
B(v) = Z: I, exp(2wivkh) (9)
| k=0 b S
|
where h is the sampllng interval and N=x .. / h, N being

/

[
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The calculation of the spectrum by direct
application'of equation (9) is the classical method.
However, it requires }oug computation times even by
large computers, especially as N increases,‘because the
time needed is proportional to N%. But since the
development of the fﬁst Foufier transform (FFT)
algorithm by Cooléy énd Tukey (49), the most common
method to calculate the spectrum is with the FFT routine.
A very good description of the algorithm;is‘giveu by J.
Connes (50) and by others (44,51), |

In this study the FFT was considered as a 'black
box" to convert from the time to frequency domains, The
actual routine used is the same as used by Horlick (52)
and is written in floating point FORTRAN. The size of the
input data array must be an integral power of 2, for

12=4O96. If the real data is not an

example, 2°=512, 2
integral power of 2, it can be filled with zeroes to the
next power of.2. It should be‘mentioued that the speed
of the program allows .a 4096 poidt FFT to te performed in
about two minutes on the PDP-11/10 ﬁinitomputer. A
51ng1e precision machlne language FFT routine available
for. thlS computer requlres less than 10 seconds to
transform the same number of data points. |

In' the routine used the odd numbered points of the

lnput array, 1ength N are placed in the real input array

and the even numbered points are placed in the imaglnary

i
g
LTy

— S ‘ N

L
b ; .
Sy L 7
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‘not altered by filling the arrays with zeroes.

N - . ) L) . . ( )
input array. The real and “imaginarv input ‘arrays are also

of length N; therefore, since onlv the first N/2 points

i Y

have bgen filled so far, the remainder of the arrays are

Y

filled with zeroes. This_prodﬁces-a smoother'spectral

plot because two output points are generated per resolution

element. Of course, the spectral resolution, which is

o
-

determined by the maximum dptical retardation in’the inter-

ferogram and the apodization (discussed in.Chapter IV)y is

&£

. The output of the FFT routine consists of two series,
X(J) and v(J), which are the real and imaginary .intensity
components and‘d is the index of the frequemey components

(from I to.N). The amplitude spectrum of these freouencies,

A(J),.Y¥s calclulated bv takine the root sum of squares of

these two series:

1/2

)2+ (v N2 « o)

A(J) = ((X(J)

. - -
Normally only the amplitude spectrum is calculated. The

phase spectrum can be calculated from the real and imag*“‘

inary series (23).

: , .
The wavenumber of a peak in a spectrum is calculated

- —_—
using the. J index corresponding to the point having the"

Fa

largest value in thatipeak. The calctlation is based on
the.He-“Ne laser wavelength of 632.8 nm. The precision in .
the peak location is shown experimentally to be within one

point (Table VII) or 0.03 nm in the vicinitv of 400 nm.



CHAPTER III

Hfﬁ;l SKMPLING THE INTERFEROGRAM AND THE
CONSEQUENCES OF ALIASING

ES‘;>~ In .order to pefform the ‘digital Fourief(tfansform

'bffﬁhe interferogram, the ;nalog'signal_must be sampled

“anq digitiged at appropriate intervals of time. The @
sampled interferogram should be an accurate representation

of the continuous analog interfe:ogram;.that is, no

informgtion shouid be‘lest;‘.IheUémportance of aceurate‘b
digitizing is oBvious."A.data point must be:acquired at

~equal intervals of optical.retardation. A missed or

<

extra data point can have adverse effects on the spectrum.

(53). Also, the analog-to-digital converter must be accu-
rate and have enough resolutlon.' At least a 12-bit
converter -is necessary. For broadband .type signals, even
more bit resolution:may be needed to acBurately digitize
the small fringes at large optical retardation.

Not so obvious is the importance of the sampling
interval. Informatiqn theory gives the answer to what
should be the ap;ropriate sampling time interval (45).

The frequency content of an analog signal is zero above

a certain frequency, f To sample the analog signal

max*®
properly, the time interval between samples must not
exceed I/Zf x* Another way of saying this is that the
sampling frequency must be two tlmes the hlghest

frequency present in the SLgnal., If the sampling rate

28
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400 Hz (a sampling interval of 2.5 msec).

“culated again, resulting in spectrum B, ‘Since the

. 29
i . »vk ' ‘
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is too low,'high frequencies will be improperly sampled

and will show up as spurlous low frequenc1es. "This 1is

termed aliaSing. At near-IR and shorter wavelengths,

aliasing 1s an important consideration; therefore a
thorough uriderstanding is necessary to interpret the .
spectrum.' A simple illustration may explain aliasing.more'
clearlyf ' | ~

In Figure 7(a),jspectrum A resulted from the

Fourier transform of a synthetic interferogram.which ' -

' . contained three frequencies, each of" dlfferent amplltude.

The 1nterferogram was sampled -at a rate such that all
frequenc1es, up to X were properly sampled. For example,
if X=200 Hz,vthen the samplingirate must be at least
- very

other sampling point was dropped, the spectrum w.

cal-

sampling interval is now twice as long, 5 msec, only
those frequenCLes up to Y (100 Hz) are properly sampled.
Peaks 2 and 3 now appear as Spurious low frequencies and
their position can he predicted as a folding over aboutnn
the central‘point of thevoriéinal freqnency axis, The
175 Hz signal (peak 3) appears as a signal of 25 Hz;
that is, it has an alias.cf 25 Hz. The 125 Hz signal
(peak 2) has an alias of 75 Hz,  Peak 1 remains at its

proper position?because it is still properly sampled

" Figure 7(b) illustrates how a frequency becomes aliased,

i

»
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Figure 7, Illustration of aliasing, (a) Aliasing of spectral
» eaks due to undersampling of the inte_rferogram.
b) Aliasing of a 175 Hz sine wave to.a 25 Hz
sine wave by undersampling. ‘
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The 175 Hz sine wave sampled at a 400 Hz rate is shown

: labelled as A, Every other sampled point is omltted

.simulating the undersampling in spectrum B, . and the

remaining points are connectedk(Shown labelled as B),

A 25 Hz sine wave is the result, A similar exercise

w1th a 125 Hz sine wave would result in an alias of a
75 Hz sine wave.

It is important to note that if peak 1 were not

present, the fold over of peaks 2 and 3 would not be

serious as it occurs 1n an exactly predlctable manner.,
Of course, the approx1mate frequency range of the 31gnals

MMSt be ‘known to predict whether the spectrum is aliased.

{Therefore, in practice, it is the bandwidtth of the

signal and not just the highest frequency which

determines whether a certain sampling rate is acceptable.

| In the prev1ous example (Flgure 7), lf peak 1

did not exist and the bandw1dth was known to be only\“\g *
100 Hz (from Y=100 Hz to X~200 Hz), a sampling rate

of 200 Hz would still allase the‘spectrum (as in spectrum
B)."However, the spectrum cah be interpretedfbecause,anl
a prlorl knowledge of the bandwidth eliminates the
p0351b111ty that peaks 2 and 3 are in the 0 to 100 Hz /~*

rate

reglon. There is no overlap of reglons so that a sampllng
//’twice the 31gnal bandwidth is acceptable. ‘But,

~care mﬁst-be exercised in the proper labeling /of the

. _frequency- axis,
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Normally, in Fourier, transform spectroscopy,
- aliasing is aV01ded as the underslmpled modulation
frequencies show’ up-as spurious spectral information “
(fold over). Thls can be very confu31ng when there rs.
much broaﬁband.energy present, ‘However,.w1th line
spectra, as commonly measured in atomic spectroscopy, it -
'is possible to use a11a31ng to advantage. To be.useful
one must have an a priori knowledge of the sampllng rate
~and the spectral region of the signal, - The bandwidth of , r
the signal must be known, but it can be determinedvfrom
the instrumental components, Factors limating thev’
bandwidth are; optical transmission of the beamsplltter,
beamsplrtter support and compensator materials,
, reflectiyity of the mirrors and/or lenses used jin the
system; source output' detector’reSponse, both spectral
sens1t1v1ty and frequency response; detector ampllfler and
electronlqkfllter bandw1dth and any optlcal fllters
placed 1n the light path to 1ntent10nally block out some
spectral regions.‘ ] |

A practlcal 111ustratlon of the use of aliasing is:.
the measurement of the flame emission spectra of lithium,
pota531um, rubldium.and cesium with the Fourier transform
spectrometer. Table I lists the emlssion lines of these
elements in the near-IR region along with the region
from Table IT in which they fall. Table II will be
ekplalned‘Shortly. Figure 8 gives a schematic dlagram

A

t.
R



o 'TABLE T L
Major Emission Lineé of Na, Li, K, Rb, Cs
’ _ in the Near-IR .
"Element - nm emtl , Region(in Table I11)
3 . ; ' ﬁ ) ’
 Na \ 589,00 . 16,978 9
~., 7 ; ‘ - : . B
i °589.,59 - 16,961 9
Li . . 670.78 . 14,908 8
K - 766449 . 13,046 7
S 769.90 . 12,989 7
Rb 780.02 12,820 ., 7
794.76 12,582 - 7
Cs 852,11 11,736 6
894,35 11,181 © 6
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. | -
of a spectrum of these elements with the frequency axis in
wavenumbers, The amplitude of the lines are arbitrary.
In order to measure these lines of Li, K, R% and i
Cs w1thout aliasing, a bandwidth of 15,802.8 cm -l is |
necessary., However, the-standard He-Ne laser usedwas a.
reference has a wavelength of 0.6328 um (15,802.8 cm l)
The clock 81gna1 for sampling is derived from the laser e
fringes generated by the 1nterferometer. A clock pulse
is generated for every O. 6328 um of optical retardatlon, '
that is, the signal interferogram is sampled at 0,6328 um
intervals., This means that the shortest wavelength of
.. light. that can_Be properly sampled'without'aliasing is
1.2656 um (7901.4 cm™1).  To achieve the bandwidth o}\ :
_v15,862.8 eml, the sampling interval must be 0.3164 um. - \
With the (Z6328vum sampling interval the'bandwidth covered .
is 7901.4 %m™l. The 7901.4 to 15,802.8 cm l."region then
becomes aliased and/overlaps the 0. to 7901 4 cm -1 region.
This is shown in the bottom diagram of‘Figure'Sd In this
" case the overlap is ngt‘serieus since there is no signal
in the 0-7901.4 cm™: region-(due to the Si ph?todiede~-
detector's insensitivity and the'quartZ'beamsplitter not
being efficient in the mid IR region). Therefore,'as
long as one is aware of the aliaSing, the frequency axis
can be ‘labelled properly and the spectrum can be

interpreted,

Now, what if there 1is spectral signal above -

e




o
-

15,802,8 cm™12 An example is where sodium is.present

along with the Previous four elements, shown schematlcally

L in‘Figure 9. Even if the sampling interval ‘were 10,3164 um

‘ (31 605,6 cm 1) the Na doublet at 589 pnm ‘would Stlll be
aliased, The overlap is shown in the middle diagram of -
Flgure 9 where the Na doublet irs allased to a positi;
- between the K and L1 11nes. Wlth the 0. 6328 um samgééng
~1nterya1, the result is shown in the bottom dlagram.
The Na. doublet has been allased tw1ce. There is spectral Q\;
information from more than one aliased reglon and ’
1nterpretatlon is less trivial, . But, esrlong as the'
allasedvllnes do not overlap exactly, interpretation is
possible, One p0351ble method to determlne which region -
a line belongs is to use an optical filter to block out.
‘the other reglon or reglons and measure the spectrum again,
The dlsappearance or continued presence of a llne will
locate the region in which that line belongs, Also some
regions may be ruled out due - to. lack of detector response.
A|other .example is dlagrammed in Flgure 10, The
chromium triplets at 427 nm and 360 nm are shown
‘unaliased in.the top;ﬁiagram, If the sampling interval
were 0.3164 um, the triplets wonld be folded over into ‘the
- 0-15,802.8 cm~? region DlVOtlnq about the 15,802.8 cm -1
p01nt (middle dlaqram) Wlth a 0.6328 um sampllnq inter-~
val, the bandw1dth is 7901.4 cm‘l and the Cr 427 nn trlpletd

is folded over again about the 23, 704 2 cm -1 p01nt.
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‘This overlappihg of spectral regions due to aliasing
is tabuleted in Table IT based on the sampling rates
derivable from the He-Ne laser 632.8 nm line. Column III
ls the overlappinglregions for a 0.6328 um sampling
interval which has a bandwidth of 7901 4 cm l. »Thie
is termed the direct sampling rate since a data point

is taken for evizyeiaser fringe (0.6328 um optical

retardation). n order.to avoid'eonfusion; the notation

‘used will bé explained. The regions are numbered at the

left of Table II, When reference 'is made, for example, to

‘the 15,802.,8-7901.4 cm -1 reglon under the direct sampllng

rate, that région'will be called region (5-8). Not all

the regions listed under one sampllng rate will be

present in an allasedﬁspectrum. As mentioned-before,

some regions can be optically elimlnated Another

method is by using low and high filters to electronlcally
block out regions. For example, if the mirror drive
Veloclty is set to give a laser fringe of 4 kHz, this means-
that an optlcal 51gnal of 632.8 nm is modulated to a fringe
frequency of 4 kHz and lower wavelengths (higher optical

frequencies) are modulated to a higher fringe frequency.

" If the frequency response of the detector amplifier is

limited by a low pass filter set at about &4 kiz, all
optical signalé whicz/are modulated to e frequency greater
then &4 kHz (all wav gths less than 632,8 nm) will be

eliminated. A high pass filter can also be set to
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eliminate low optical frequencies.

°

Clearly-then, to work in the UV-visible region,

e1ther the sampling rate must be 1ncreased or a11a31ng must

o i)

be tolerated The frequency of the reference laser

ﬁ‘modulatlon can be increased by use of optical technlques
'such\as double passage of the laser through the inter-
\

-ferOQeter or by electronlc frequency multlpllcatlon uSLng

phase locked loops: (54) However, the hlgh sampllng rate =
necessary. to sample the UV-v131ble modulatlon frequencles.
-w1tho t a11a51ng qu1ckly results in a prohlbltlvely large

numb r of data p01nts that must be dlgltlzed in the |

" intexferogram- to achleyevreasénable4resolutlon.' Thus,.

. the alternative of aliasing tﬁg'spéctral information in
the mnterferogram mus t be used, ‘

To . show that electronlc multlpllcatlon of the laser
moduﬂatlon frequency was pos31ble,,the ‘reference. clock was
frequency quadrupled uslng phase locked locp techniques.
The amalog laser fringes were also used as the spectrall
:signal, 1gure 11 shows tﬁ@ spectrum from the Fourier
transiform of the sampled laser 1nterferogram. The sampling
intenval was 5.1582 unm (x4 sa;mllnq‘rate) beca\use ak

data point was taken at everykl/4uwavelenqth ofqthe laser.
The banéwidth was 31,605.6 cn™l (Column V in Table IT) .f:?
E and the laser line should be exactly at the midpoint of

the jpectrum at 15,80298‘cmf1. The peak doeS'cccur at

‘this [position. Spectrum (a) is the output Q@th-no

Fl
o
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o E ' . |
apodization of the interferogram; Spectrum (b) is the
result of trlangular apodization before performlng the
Fourier transform.f Apodlzatlonrw1ll be discussed in
Chapter:IV. |

Electronic frequency doubling by the same technique

gives a sampling interval of 0.3164 'um, The interferogram

of the flame emission of a Li, K, Rb, Cs solution was
sampled at this rate (x2 sampllng rate) and the resulting -
spectrmn is shown in Flgure 12(a). At this sampling

1nterval, the bandwidth is 15,’802-.8,;cm'Fl and all the

. spectral lines are properly sampled, There is no aliasing._

The direct .sampling rate with a bandw1dth of 7901.4 cm -1
results in spectrum (b) where all the lines: have been
‘)allased These are the real spectra that were dlagrammed
in Flgure 8., It should be - npted that all the spectra
1 measured w1th a Fourler transform spectrometer has an axis
which is linear in frequency (wavénumber) and not llnear
in wavelength This set of data was taken w1th the | :
‘PDP-8/e" system wh1ch had a l;mlt of a 512 point transform.
Wlth the limlted number of data points. and the .
- wide spectral)coverage (over 220 nm), the resolution is
quite poor, Fhe potassium doublet is not resolved at all
and the rubidium doublet is only’ partlally resojved. in
“spectrum (a), In spectrum (b), the resolutlon is doubled
This is due to the factWthat the sampllng interval is

twice as long, therefore with ‘the same number of data

. . o gt
» A'&,’g,z © ” LT . 5
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Figuré 12. Spectra of Li, K, Rb, and Cs using
L g‘ag X2 sampling rate, (b) direct,
c) #2, and (d) #4 sampling rate,
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- points (512 in this case), the interferogram has been

sampled to twice the optical retardation which determine§

-the ultimate resolution, Table III tebulates the§

'resolutlon\that can be achleved with a trlangulbrly

apodized 1nterferogram using dlffer nt sampllng lntervals.

" The resolution is also given in wavelength units at

770 ‘and 280 nm. It should be noted that the resolution:
is constant in wavenumber for one situation;rtherefore,

the resolution inéreases with decreasing wavelength,

°

- For example, 16 cm'1 resolution at 770nm results in .

0. 9S;nm resolutlon, but, at 280 nm, the resolutlon is

o o 125 nm.

| If_the sampling interval is 1,2656 um (a data
point every other laser fringe), the bandwidth is

3950,7 cm”'. The overlapping of the regions due to

‘aliasing is tabulated in Column II of Table IL, This

is the iZ,sempling'raEe. The spectrum is shown in
Figure 12(c). - The resolution is again doubled and now

the pota331um doublet 1s resolved The cesium lines

k4

f(ln region 6) have allaseﬁ into the pota;SLum-rubidlum

3 ¥

',region (number 7). The region numbers are those given

in Table II. : e SN
If the sampling 1nterva1 is made even: coarser to

2. 531E um, the bandwidth is 1975.35 cm "1, The regions.
overlap‘further (Column I of Table II) with all three
regions oVerlapping via aliasing; The spectrum is shown

in Figure lZ(d).f'The‘theoretical resoiution,at the

=
b
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TABLE II1

Resolution with a Trlangularly Apodlzed Double-sided Va

: Interferogram of (a) 512 points, (b) 4096 points
- '
Sampling . 'Resolution
: ‘ -1 . - S o _
Rate cm nm_at 7%93@ , nm at 280nm
X6 = (a) 256 15,5 , 2,00
X2 (a) 128 S © 11,00
Direct  (a) 64 3.8 .0.50
- 32 (a) 32 . 19 . 0.25
34 () 16 - 0.95 0,125
Direct  (b) 8 0.7 0,063 .
[ , " e
\ "
= -



different sampling rates is given in Table III for a

triangularly apodized double-sided interferogram of

512 points. Since the potassium’doublet has a 3.4 nm RU

separation, it is_eXpected not to be resolved until the
sampling interval was 1,2656 um. The spectra point
this .out, .
d The flame emission was measured again when the
new data system with the PDP-11/10 minicomputer was
xavailable. With 4096 point interferograms, ‘the | _
Cijresolution is better with tle direct sampling rate than .
with a ¥4 sampling rate and a 512 p01nt 1nterferogram.
Figure 44 in Chapter VII shows a spectrum of the above
four metals plus 'sodium from a 4096 point interferogram.
The Na doublet has only a 0.59 nm separation, but it is

' resolved ‘Table III predicts this, pOintlng out that
the resolution capability is fairly q&ose | to the calculated

resolution. ‘ _ -

~

From the series of speckra in Figure 12, it is

clear that aliasing can, be used to advantage in

optimizing spectral coverage and resolution when.making

L]

Fourier transform atomic spectrochemical measurements.

f

Z
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| APGDIZATION AND ITS EFFECTS

'7 . . l..{i:‘ N .
As'mentioned earlier, the interferogram‘of a

monochromatic source is- a cosine wave, If the source

were infinitely na tsine wave would continue

for infinitelyllarqe optical retaxdation, However,‘in

practice, this is no% observed.” Firgt, certain

E spectral or instrumental condltlo 'result in the

o \

lnterferogram belng damped‘as optic

1 retardation
increases, Factors contributing to this are natural
line broadening and solid angle effecte (15). Second,
.the interferogram is sampled to en optical retardation
of xmaﬁ and ﬂot to'infinity. ThlS truncation of the
lnterferogram is a type of self- apgdlzatlon. The term-
apodization refers to the multlpllcatlon of the inter-
aferogram by a feletively simple fﬁnction.:'Tﬁe efﬁeet_of
multiplying the interferogram by a function is;equivalent
to. the convolution of the spectrum resulting from the
Fourier transform of the,interferogram with the Fourier
Atrénsfqrm of that-funCtin. Thl& 1s shown in Flgure 13
where the asterisk ' \,.peféfe to' convolution. The
‘bottom dlagrams describe apodizatron and the top dlagrams
descrlbe convolutlon where - the spectral peak is convolved

~with the 1nstrumental line shape to give the output

spectrum..

48
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_ and multiplied by zero if x is greater or equal to x

The truncation of the interferogram at the end
of the sampling at Xnax Can be thought of as multiplying"
the interferogram by a boxcar function where the inter-

ferogram is multiplied by one if X is less than‘xmax

max
The shape of the truncation functlon is shown in Figure

14(a). This truncation imposes the instrumental lire

 shape to the spectral lines (50) of the form

(,er

sin(Zﬂvxmax)/(Zﬂvxm;x . The'peak shape is shown in #
Figure iS(a) Because. of the method of computation, the
negative side lobes of the sine x/x function appear
positive, The peaks in Figures 15 and 17 were generated
by Fourier transforming a 4096 point interferogram

con81sting of a cosine wave sampled at &4 points per cyo&’/J

"with the appropriate apodization. This is the resultant

instrumental line shape when' there is no intentional
apodization, that is, when the interferogram is. not
multiplied by a funotion after the interferogram is

acquired, When_the term no apodization is used,,it means

‘that no intentional apodization has been'performed on the

interferoéram. The resolution that can, be obtained 1n
thlS case is given by 1/2x- naxe For most of the spectra

Eresented here, the interferograms are 4096 points long

\
| S

‘with the direct sampling rate and equal number of data
poirits on either side of the ZPD position; therefore

Knax=0+1296 cm (2048 X 6.328 X 10™> cm). The nominal

50
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resolution is about & cm™l,. However, the peak shape

with the truncated rnterferogram gives large side lobes,

P

&

the first side lobe being about 20% of the peak maximum,

In’ many cases, the side lobes can .cause confusion,
especially if small peaks are close to//arge peaks.

To improve the instrumental line shape, the
interferogram can be multiplied by-a mathematical function
before“the Fourier transform is performed (23,25,55=57).
This functlon is usually normalized so that the value is’
between zeroyand one, In general, apodiZatien fugztions
do not necessarily have to reach zero., The apodlzation

is performed eas11y 31nce ‘the lnterferogram is already

stored.in the computer. Typical fﬁnctlonel dependenc1es

include linear, exponential and Gaussian functlon.

A consequence of‘apodizetions that give more weight
to small- x and less to large x. is the improvement'in
signal-to-noise ratio in the ﬁinal Spectruqﬂ Tnis cpmes
about beeause the rapid changes (high spati?l frequencies)
fn‘the _spectrum are represented in the interferogram at
larger optical retardations than the slower changing
informatlon. N01se tends to be of higher spatial

frequency than spectral peaks, thereforeﬁthe noise‘ng

a K €
.

reduced, - But there is the standard tr%ge -off of

resolution and S/N ratio, The spectral peaks alsof':f

Therefore, when the

sharpness of the peak;,



g\/

reduced by_apod}zation, the resolution decreases,
The boxcar apodization function shown in Figure 14(a) h
can be implemented by a routine that multiplies the inter-

ferogram data points 'less than N1 and greater than N4 by

. \ .
. zero and leaving points between N2 and N3 unchanged,

A linearly decreasing function, .called triangular

JapodiZation'(Figure 14(b)), can be implemented'with the

‘routlne by setting N2 and N3 tg the data point corresponding

wﬁazation is si (2ﬂvx )/(Zwvx

to the ZPD positlon. A1l points between N1 and N2, and
between N3 and N4 are multiplidd by the y value of the
slope which varies linearly between 0 and 1, Points less
than N1 and greater thanJN% are set eqnal to zeroi The
instrumental llne shape resulting from triangular apod-
)2. The peak shape is
shown in Figure 15(b). Note that the side lobes are less
prominent than for the boxcar apodlzatlon. The resolution
possible W1th triangular apodlzat}dh is 1/x max °F half the
resolution of a ‘boxcar apodlzatlon, For the ekample ‘given
earlier (4096 point, double-sided interferogram), this
means a nominal resolution of about 8 cm™T,

- The tyoe of apoqization found to be more usefuf>
with narrow emission type signals is the Gaussian function,
The form of the function used is ., o

A

) '|I-Z| 2
C = - 11
FCN(I) exp( =FAC ( )9 (11)



‘ﬁﬁ%here I=point number, Z=point number" of the ZPD p031t10n,\
4
NP=total number. of p01nts,-and FAC a factor that determlnes

“the w1dth of the Gauss1an‘funct10n. The Gaussian apodlzatlon -
is shown in FLgure{l6. The ZPD p051t10n is shown aé“ ‘i
point 2048 (for 4096 point double- 51ded 1nterferograms)
Plot A results when the variable FAC lO 0, plot B when —~
. ‘FAC=5, 0 and plot C when FAC—Z 5. The peak shapes resulting;
. from. Gaussxan apodlzatlon are shown in Flgure l7(a) for |
FAC 24 5\and in Figure l7(b) for FAC 5 0. The resolu lon,'t
A ' , ;when Gau531an apodization is applied, should be SLmllar
- “to. triangularAapodization if FAC is approximately 2.5.
For. larger values' of FAC the functlon is more heavxly
'damped and ‘therefore resolution will be lower. .The side
" lobe suppresslon w1th the FAC=2.5 Fausslan aood;zatlon :
is more effectlve than with the trlanqular functlon whlle' N
N ) retalnlng 31m11ar resolutlon. -The FAC=5., O Gau351an
N functlon almost reaches zero at maximum- optlcal retardatlon
| with the result'that side lobes are not ev1dent (actually
they‘are lgss than 0.5% of éhé peak amglitude); howewer,
the resolution is lower,-
A practicallexample of apodization is,shown'in;
w Flgures 18 and 19, The flame emission of a sodium
solution was measured (detalls in Chapter VII) Figure 18
'; shows 3000 p01nts of the 4096 p01nt double—31ded lnter-'

‘_ ferogram that- resulted from time averaging 50° succe331ve

scans, That two emlSSlon 11nes are present can be deduced.

s
3
. .
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from' the interferogram. The beat pattern is the result of ’

the summation of two cosine waves of slightly differing

’frequencies. Figure 19 shows the result of multiplying

the interferogram shown 4in Figure 1&_with a4 Gaussian -
function (FAC=2;5). Again:only the middle 3000 points'

of the 4096 point 1nterferogram are plotted The "

Fourier transform is. performed on both interferograms and
Mthe amplitude spectra are shown in Figures 20(a) and 20(b)
“Only the part of the spectrum around the Na doublet is .

| plotted to show the’ instrumental line shape that has been

| " imposed by the apodization. It can be seen that thef

I's

spectrum from the apodized lnterferogram is more amenable

_ to interpretation.:,

The apodizatlon process does not give any more
1nformation than is present in the unapodized spectrun;
in fact informatlon can be lost by apodization. This
can occur if the apodization results in a lower resolution

and cJuses two lines to ‘bécome unresolved Therefore

~ the implementation of apodization must be done with care

to give the de31red 1nstrumental line shape without -

removing essential information in the spectrum,”

60 .
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CHAPTER. V
PHASE PROBLEMS IN FOURIER TRANSFORM SPECTROSCOPY

- (. )

The technique of Fourier’ transform spectroscopy
_involves the recording of the interferogram that results
from the\@ﬁ-/interferen’-of light via a Michelson
interferometer, Ideally, the interferogram is a _
symmetric function of the optical path difference.

That 1is, the function is the same from 0 to +xmax as -

“ from O to 'xmax‘ Therefore, only one side need be

-

recorded in this ideal case |
l"However, severalwfa tors contribute to give‘an _”\ﬂ
asymmetric interferogram:? f all the optical and elec-
tronic components were perfec ,_at;zero,path difference
(ZPD) every spectral frequency would be at zero phase,
',But“this is not the,cesesand phase errors are always |
present.' The fact thetlthe light passes through real and
not‘perfect"optics;may-cause different spectral frequencies
to have slightly differing phases at the ZPD position.’
Also the sampled'interferogram’may not contgin_g-dataﬂwxﬂ/uf
point exactly at the'ZPD.positionfkyghis-results'in a
constant phasederror due to sampling. Detector electronics
méy,have phase response thatkis dependent'on the.frequency'"
of the ‘input, This is especially true if electronic |

filters are used to limit the frequency bandWidthwof’the

signal. Hence, imperfect optics and measurement

i



electronics'produce phase errors that are varying functions
of ghe spectral frequencies.

- The detailed mathematical descrlption of phase
errorsiand correction methods have been well documented
since 1t is a problem that is always present with single-
sided 1nterferograms and must be corrected to give an ac-
curate output spectrum_(l5,23{58¥ol); The discussion
given here will.be of a qualitative naturefand will
emphasize the phase problem with respect to line emission
type signals in the UV-visible-near IR regions, |

’ A\spe01al problem arises when the 1nterferogram is
; sampled at a rate that resulFs in aliasing.. Since the
'phase error is dependent on the spectral frequency of the
signal, each aliased region requires a different phase
correction.ﬁﬂThis makes it next to impossible to phase
correct an aliased spectrum. It shou}d be mentioned
that problems with phase correction of line emission
spectra in the IR ( not aliased) have been reported |
(62,63). |

Measurements taken with the first data system
busing the PDP- 8/e minicomputer will illustrate the
"phase problem, Only single-sided interferograms ‘could
be acquired at that time, The flame emission of Li, K’[‘
Rb, and Cs was studied.. Figure 21 shows the spectrum
from a potassium solution (1000 ppm); 'Spectrum A

results from the,Fourier transform of the triangularly

‘5\'

S@Wtﬁ
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A K 7664 A
By '
K 7698 A
B 5 ’ F, —
11,851 POTASSIUM 13,826 cm!
a
B K 7664 A
K7e98A |l
11,851 ~ POTASSIUM 13,826 cm’! k
Figure 21, Potassium spectrum from a single-sided

interferogram (512 points).
A: no phase correction, B: phase

‘ corrected
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S | e
apodized interferogram, The K doublet is obviously

, Very distorted. ’ o .
| Phase correction procedures utilized in‘Fourier‘

transform NMR (64) were attempted on these flame emission
spectra. The procedure for phase correction‘invoives
convolving all the points in the real and imaginary -
spectra'with"a cosine and sine wave, The phase angle
‘required to correct a peak is obtained by lnspection of
lthe line shape in the real or lmaglnaryrspeotra._ If the

- spectral peak neEds no phase correction, the{real‘and
imaginary outputs ‘from the FFT would resemble Figure 22(a).
If the real part were distorted, the phase angle is

estimated from an 1nspect10n of a chart of peaks dlstorted

from 0 through 360 degrees, Figure 22 shows peaks at
0,30,90,120, and 180 degrees of phase error.,-

B of Figure 21, Considerable improvement has been made.
Similar phase correction procedures were performed for

the Li, Rb, and Cs spectra and the results are shown

in\Figure 23, The analog interferograms of the four
eleme ts are shown in Figure.24,..The.digitized inter-
'lferog ams sampled at 2,5312 um intermals are shown in
: ure 25,, The aliasing can be seen in the digitized
'.interferograms. If sampling was done at a rate high
enough to avoid aliasing, the digital interferogram

~ would have the same appearance as the analog signals.,

»
>

The phase corrected K spectrum is shown in spectrum-

65
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However, when a solution of all four elements was

measured (Flgure 26), the spectrum was very dlstorted and

. similar phase correctior procedureSJcould‘nbt‘lmprove the

spectrum to any great extent. This is because the spectral
lines are in dlfferent ,aliased 'regions and each reglonb’
requires a dlfferent phase correction angle, The cumulative
effects; of the ise offdifferent correction,angles for each
spectral region'produces distortions_of_its'own;thus‘
making overall correction of:the spectrum impossible.

A method of - phase correction that has been falrly
successful in Fourier transform infrared measurements does

not seem to work as well for line emission spectra._ The
; vy o ";5 L

5,

i "
x‘ og( PR

70. -

reasOn 1t works for most IR measurements ls due ;to. the' '#»;:~

“‘fact that these spectra are of the absorptlon type- &

“there is broadband 1nformat10n present. Thls alloWs~
L4

-the calculatlon of-a reference phase spectrum whlch can

]

be used to correct the sample spectrum .A low resolutlony»

reference phase spectrum is. satfsgactorv and thls can be

)

“calculated from a small" port%on of the 1nterferogram on

both 51des of the ZPD pOSltlon ‘The phase correctlon

N "‘.s &15',

’procedure 1§Edg§er;bed rn\ngerence~(23)wA For llnev_ o

‘@ el

- emission type 51gnals, there is 11ttle or no broadband

1nformat10n hence, an accurate reference phase sp trum

is difficult to obtain. This,makeslphase

4

iy
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- . . \
- - Figure 26. Multielement spectrum of Li, K, Rb, and

9& ; - Qs (not phase corrected)
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.correction of 1ine_emissionjtype signals not very-—
successful, L

| - The problem of phase correctlon can be totally
Helimlnated if the 1nterferogram is sampled from “Xnax

to +x that is, a double- 51ded interferogram is

nax’
acquired, If the amplitude spectrum is oaleulated
(the amplitude spectrum is the square root of the sum.
i of the real and imaglnary parts squared), the resulggf
Eare 1ndependent of the phase (Chapter 12 of reference 32).
This is shown 1n Flgure 27. A double sided
llnterferogram was acquired u51ng a hollow cathode lamp
as -a source (most ‘of the lines shown are due ‘to the

‘ neon gas flller of the-lamp) Triangular apodization

was applied and the result is spectrum (b) The peaks

applied and the’ result is shown in spectrum (a)
Distortion? similar to the flame emission data (Figure 26)
can be;seen,_ - "7‘¢7 S Lo a\
s - The flame emission,measuremgnts of Li K Rb, and
.Cs were taken using double-sided interferograms and the
Aesults are shown in Figure 12(d) in Chapter III. This
spectrum and the one in Figuyre 26 can be compared }

‘ directly. It should bevpotedpthat the, improvement in‘

3
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Figure 27. lgo_ll.'ow,cathode lamp spectrum resulting
. . wefrom (a) single-sided, (b) double-sided
‘ interferogram, : ‘ .
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Quality of the spectrum in Figure 12(d) occurs in spiteh»;ﬁ
of the fact that resolution is lower by a factor of two-

; -iﬁ(same number of data points but a single- sided inter-
ferogram samples to twice the optqcal retardation of a
double-sided interferogram). .

~ The question arises as to whyIQRuble-sided"inter-g

_ ferograms are not used exclusively. There are several

 reasons, A maJor reason is that ‘double-sided interferogrégg

need twiceoas many data points for the same resolution'v

B cpmpared to single sided interferograms. The resolution -+

. depends on the maximumﬂbptical retardation, X i.' ‘ N
7'Sampling from -xmax to +x gives the same resolution ”

~as from O to +xmax With twice as many poﬁ&ts{n,

T

computing time for the Fourier transfo

;pthat the time - requirec N rejthe double sided data' —
s doubled, and the miYEIMEMrior must be driven twice-

: as far."

high resothion measurements wher

undreds of thousands of points ne&p
However, for line enéssion type signals nd medium -
' resolution, the double-sided interferogram is

%%iupggﬁtical. In fact, it is essential if proper;spec ra‘.

d i - A /
. ' . :
i I
- .

) MO ":~.
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are to be obtalned because ofﬁthe 1ao& of adecuate phase

[
correctlon procedures for 11ne em1531on SLgnals.
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B : CHAPTER VI

THE MICHELSON INTERFEROMETER SYSTEM

A. Description of the Michelson Interf%rOmeter
e ‘ -
- ° : a o
" The current Michelson/interferometer'has evolved

over several years; _The initial interferometer design

“was developed at the Departmeént of- Aerospace Engineering,

High Altitude Engineering Laboratory\*t tbk Univer51ty
of Michigan by L. W. Chaney in cooperation with Goddard

Space Blight Center for balloon born% and space
X
A

experlments (65, 66). non-repetitive slow scanning

B mirrmr drive system was built at the University of

S5
. .developed into the current 1nterferometer design. ThlS

°E&ﬂinq}s (52), It has been substantially modlfied and

chapter .will describe the interferometer in detail

A block diagram of the interferometer system is
shown in Figure 28, Theré’are three optical inputs to
the interferometer .a He-Ne laser, a white light source

,(tungsten bulb), and the spectral signal of interest.

P

Laser fringe referencing is used to sequence digitization.f-

:<The laser fringes are also used ‘o control and stabilize

sy

the velocity of the moving mirror using phase locked

loop techniques. The.mirror drive system consists of an

‘;electromechanically~driven piston supported by an air

R

bearing and a mirror mounted on the piston.:fThe mirror .

v".
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Block\diagram of the Michelson



movement is repetitive and both the scan rate and length I
can be easily set or altered, With the control signals
derived from the white light interferogram'and the laser
- fringes, spectralfsignal interferograms can be precisely
time:averaged.~vA uniquew"pretrigger" approacH'allows
‘acquisition of any desirednnumber of data points before
and after the zero path difference position. All three
optical 1nputs share the same beamsplitter and Michelson
- mirrors. This feature greatly facilitates alignment of
the interferometer. \ | |
i‘;k ' The concept of the design is to be flexible in
order to ease alignment assembly, and modlfications.
Therefore the interferometer con31sts of modules, each
of which can be changed ea31ly. For example, the source,
beamsplitter, and detector can be changed and thedintgr-
:ferometer realigned in a few minutes, A schematic
.diagram of the interferometer is shown in Figure 29, |
It will be useful‘to refer to Figures 28-30 and the = .,
photographs shown in Figures 31 and 32 during the |
following discussion.‘A R
| l) Central Mounting Cube ( g,'

The mounting cube 1is the centrdl unit of

the interferometer. All the other modules mount onto

the cube.’fThe cube is approximately 10.8 cm (4,25 inches)
;and was machined out of a solid piece of aluminum. The
_entrance port visible in Figure 31(a) is 6 05 cm (2. 38 in.)
;o . , o , .

y
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N
(o) DETECTOK ASSEMBLY
“ —
DETECTOR -
MOUNT TUNGSTEN BULB
N |
\ ,
N
. /ﬂ : 7777
ZIRZ R Z
\ "
MIRRORS «

(b) WHITE LIGHT
REFERENCE ASSEMBLY

Figure 30, éﬁ; Lens detector ass,embl.y.wa
schematic, .

White light reference_asseqbly.
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Figu:g 31, .

i

Photographs-of the interferometér:
(a) front view, (b) top view.
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- Figure 32,

Phgtographs of the interferometer:
.o mountin§ cube partially disassembléed,
t

b) beamsplitter and white light assembly.
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Figure §2-(c).u

oTG ™ - S

The interferometer totally

disassembled.
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ulin'diameter; In B6rder to allow the He-Ne laser lnput

j ,
. on a brass plate over a hole in the optlcal table, ’

0 B /
) N - . J
J

\module to be mounted from the bottom, the cube is mounted

|

Rl ”,/ . ) ’ (
',.“m 2) Beamsplltter Assembly !

o , . The beamsplLtter assembly is best seen in
Figure'32(b) where it is raiséd out of thé central cube.' :
It'is mounted under the top face plate of the'lnterferometer.
‘The assembly consists of two optical flats (a beamsplltter |
,substrate uponQWhlch the beamsplltter coatlng is dep031ted

and a compensato mounted on two alum1num holders,

’ separated by an alumlnum spacer. The beamsplltter

,substrate and compensator ‘are each. 7 62 cm (3 OO ifi,) in

diameter and 0,953 cm (0. 375 1n ) thlck and their dimen-

sions should be matched as closely as possible, For;f~

work in the UV, v131b1e and mear-IR fused 3111ca flats ;/Y‘
were used (from L. H. Sampson Coa, 22730 Orchard Lake

‘Road, Farmington, Michlgan 48024) w1th flatness to M/10 {

in the v131b1e. For work 1n the mld IR NaCl Elats wefe 53"&;1

used, The salt flats are flat to better than 1A ln the;

Visible (obtained from Frank Cookeulnc., 59 Summer Street,

North Brookfield, Mass. 01535)

i

Germanium was, used as the beamsplitter material

-

and was coated on the substrhtes hy a local optical @
shop at the Universityrof Alberta.-ﬁThe germanium was
coated on until the*transmittance was approximately 50%.
3 . ! S s ¢ ! e

in the spectral region of interest. Figure 33 shows the

'y L
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85



!
transmission spectra (light incident at 902 air
reference) of the fused silica substra

'
N,

a theiNaCI
substratéfbeamsplitter assemblies., .

3) Fixed Mirror Assembl
<

. ’ The fixed mir assembly consists of a.

spring loaded ball- 1n-soc t mount with'two sets of
Aopposing spring loaded plungers and screw-driven ° |
adgustments. Thls de31gn has proven'to;be‘VEry‘stable.
The fixed and moving mirrors are both“4.2 cin (1 64 in.)
in- dlameter, 0.64 cm (0,25 in. ) thlck flat to >\/10'

in the visible and coated with aluminum. (Thermlr;ofs

were obtained from L. H. Sampson Co,).

C4) Mov1ng Mirror Assembly
) " The movxng mirror assembly‘is based ontan‘
air bearing suspension system driven by a’ standard loud-
speaker magnet and coil assembly. (The air bearing,
Model L B, -10, was obtalned from Bearing Specialty Co.,
90 W;ndom Street, Boston, Mass, 02134), The moving
‘; - mirror ls mounted on a plston 1nserted lnside_the air
bearing.. The loudspeaker coil is mounted at the other
‘end of the piston‘and_rides into thefmagpet assembly ..
7 Weak'retaining springs keep the piSton:assembly‘roughly
centered in the air bearlng. Tank nltrogen (ZOLZS psi)
1§%USed to float the m0V1ng mlrror/piston. The. complete

air bearing assembly can be shifted back and forth in

the moving

B b
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moving'mirror-static position. The\magnet holder is the'

only unit of the modiiles not phy51cally attached to the

‘1nterferometer cube. It is mounted on the optlcal table.

“vA plex1glass dust cover encloses the ‘gap between the magnet

4

LY

///of’two asYemblies mounted on the top face
: /

" Holder and the moving mirror assembly. . With the ‘{)resent
design the maxinfum mirror movement is about 1 cm,

5) White Light Reference System

" The whlte light reference system consists
Jlate.of thev
interferometer., One assembly contains a tiny tungsten

‘bulb_and collimating lens (see Figure 30(b)). The

collimated whéte Iight source is reflected into the intér-;

ferometer by a small diagonal mirror, such;that only a
small part of the top of the Michelson mirror is used

for this signal, At the output end -the whlte light
signal is reflected back up to a silicon photodiode
detector by another anall diagonal mirror and focusing
lens, The Arrangement of this important periscope

system is more clearly shown in Figure 32(b) where the
top face plate, w1th attached beamsplitter has been pulled
ouf of the central'mounting cube.' This photograph also

empha31zes the modular nature of the interferometer and’

the fact that the beamsplitter can be excﬁanged easily,

6); He-Ne Laser Reference System .
The HeaNihlaser_reference system is. very

similar to the white light reference system and is mounted

y3 -
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on the bottom faceﬂp}ate‘of the’interferometer: The two
qperiscopes project through the hole in the optical table; .-
over which the EEQtral cube is mouhted, 'The beam from
the He-Ne laser (Spectra Phy31cs Model 133), mounted o
~under the top surface of Ehe optlcal table,tas reflected.
up into the periscope and through the 1nterferometer by
two small rlght angle prisms. The 1aser ;ath through

the interferometer - uses only a small part of the bottom~

of the Mlchelsbn‘mlrrors.' Since the laser beam is
inherently cdllimated, no lenses.- are needed in either
perisdope of the laser system. At the output perlscope‘
the laser’ slgnal is reflgcted down a custom made inter-
ference fllter to a Si photodlode detector.‘(The filter -
bandpass is centered at 632 8 nm' and was supplied by

: Infrared Industries, Inc,, Thin Film Products, 84 Fourth
Ave,, Waltham, Mass, OZLSA){_ The filter is mounted in

the same manner s the lenses’ for the_wh}te fightfassembl&.

The laser peris;o es;can be‘seen in Figures 3l(b)and 32(a).

7) Detec or Assembly

detector assemblles haue been used
nith‘thesinter erometer, . One is based onva lens to focus
" _the light to the det@ctor ‘(Figure 30(a) ‘Both.glass and
salt lenses have been ‘used, Theé salt lens was ground
in our own laboratory from a NaCl cyiinder. Both lemuses
have a diameter and focal length of 5,97 cm (2.35 in.).

However, at the short wavelengths of the UV-visible



e .
4

. e .
region, a short foca1~1ength single lens is prone to
aberrations that could affect the quality of the outputj.

'gignalﬁ Therefore, the second detector assembly consists
of an off-axis parabollc mirror (Figure 29, 31(b)),
+folding mirror and detector mount,  The off-axis para-
bolic mirro; is'mounted & a sub-assembly identical to
the fixed mirror»assembly. The:focal length of the off-
axis parabolic mirror is 16,8 cm (6,6 in, ) with the focal

' point 6. 1\cm (2 4 1n.) from the anﬁ!“tgge. (The para- ' Kﬁfw

A

," ﬁg’n}‘?? International ‘7

'4 ;;wg:‘ﬁ",‘,‘_}: S.. 01824)

bolic mirror was obtained f;q

Several 'detectors have Qee sed TGS (triglyclne

)

}ﬁphate)f;yroelectric for m1d IR measurements (series L
" T-300 unlt from Barnes-Englne?rlng Co., 30 Commercede.,Mi"“
Stamford, Conn, 06502), Si photocell for near-IR'and

visible, 1P28 (RCA) phgtomultiplier tuhe‘(PﬂT) for o
;\visible,pand R166 seolar blind (Hamamatsu) PMT for ‘
ultraviolet measurements. '

. It should be. pointed out that the focal length of

the off-axis parabolic mirror represents a compromise.

The radius of the first fringe y in the focal plane of
" the output of a Michelson interferométer is equal to
'f(7‘/d)l/2 where f is the focal length of the output mirror,

A the wavelength and d the optical retardation. To get «

maximum sens1t1vity, it 1s de31rable for the detector to

see the entire central (zero) frlnge. A smaller detector.

>



aperture will dive a lower‘signal levelf “But an aperture
lagger than the central frrnge will degrade thg signal
because the detector will be observing moré than one
fringe simultaneouslyi

Thus, for optrmal IR performance in the 2- 15um
‘region, the focal length of 16.8 cm is too long as it
results in,a’ fringe size (y—l 47 cm for 1lOum wavelength

and d=0.,13. E‘T‘that overfills our TGS detector (element
\

1'mm x 1 mm) by a considerable amount, particularly at

~

the longer wavelengths, This results in 1ower sensitivity,
. /’

However, fprvvisiBlg and kspecially UV performarice), the -

s - ‘ | . : e
“j/'“ﬁcnger focal length is desirable, Typical IR defectors

o, ]
have small senso¥ areas, and .thus act ag thelr aper-

tures; With a PMT, a circu lar aperture must

-

in the ex1t focal plane in front of the PMY.

~ focal length, combLned with working at wavelengths over

an'order of magnitude shorter, would result in a very

small fringe radius making’fabricatibn of an'appropriately ‘

small aperture difficult and also making focusing much
more critical, . For example, w1th>£¥5 08 cm (2,0 1n.),
250 nm wavelength and d=0,13- cm, y=0,07 cm. Also, the
problem becomes 1ncreasingly severe as.one goes to | .
: hlgher resolutlon measurements; that is, as d increases,

y decreases further.A Since eur initial experimental

goals were to 1nvestigate the appilcablllty of our

S
‘Fourier "transform spectrometer tor UV and visible
0 | : ,_/> |
. f““/ , .
e | .
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‘measurements, we chose’ a longer focal length (16,8 cm)

than would be optimal for e'pUrely IR instrument .in

order to use larger exit apertures with the PMT detectors.

Because of the modular nature of the interferometer, it
would be easy to design a separate'detector assembly
optimized for IR performance, '

t

8)  Input Optics.

o ’

% \  The 3pectral‘input to the interferometer
is collimated by‘'an off-axis parabolic mirror (identicai

.to the one in the detector assembly), ‘The source is

placed at the focal point of the mirrog. Sources that -

have been used;are hollow cathode lammgs and e‘modified
Varian burner (see Chapter VIIA for details) for UV-
visible-near IR measurements and e globa; for mid-IR |
measurements. A filter holder for 2 iﬁ. X 2”13. filters
can be placed at the interferometer entrahce.port if it
is necessary to block unwanted portions of the spectrali

N ,
‘region, ’

91



92

\
A

B. Consequence of Using Only One Interferometer

The design of our iqterferometer uses the same’
Michelson mirrors ana beamsplitter for éll'thrée optical
signalé. The white light éhannel uses'thg top section |
of the Michelson mirrors, the He-Ne laser chammel the’
bottom section and the spéctral signal the center of the
- mirrors., This ‘is a major difference’compéred to most
commercially available systems whig&/ﬁse two or even
vthreé,independént interferometers for these signals,

We have found the single interferometer design to be
both éi_mple and effective. In particular, alignment and O
the maintenancé of aligﬁment are greatly facilitated since :
only one mirror needé to be adjusted. / | |

If the intgrfefometeroié grossly misaligned, as it
would be if the beamspiitter were changed, the procedure
forualignment is as follqws;. The detector assembly is
éasily removed and, using\theﬂlaservsignal, coarse ° /
édjustmenp is made visually by/lining up the laser beams
from the two arms of tpe interferometer, Then, with the
moving’mirror-scanning,lthe fixed mirro£ is fine tuned .
to locate.andjmaximizé the;lasef ffinées signal. Theby
alignment at this point ié.ﬁéarly optimai.‘i&he white
light interferogram signél is-then maximi?ed. With these
two signals alifped, the gpeétral signal channel is

automatically aligned as only one -mirror is involved. . N
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In contrast, systems with multiple interferometers can
be very time consuming to adjust; particularly the spectral

signal and white light channels.

o

Since the thickness of 'Ge quired for an effective

. i /
e essentially opaque

mid-IR beamsplitter is such as t
in the v151ble, this de81 n does requlre that small
windows of higher transparency be left on the  top and
bot tom of the salt beamsplitter to allow the white light

and’ laser SLgnais Lo pass. This is easily achieved via

‘a two step coating procedure using a mask on the 'second

o

_ coatlng. In addition, even though salt flats can only be

obtained with a one wavelength flatness specification,
the white light and laser fringes are of excellent quality
with our mid-IR salt beamsplitter assembly., For the

———

near-IR and visible beamsplitter, one coating is
sufficient;”windo;s of different %T{beihg unnecessary
for the white light and laser. o ' » >
Another major consequence of the 51ngle 1nter-
ferometer design is the c01nc1dence in time (and mirror
p031t10n) of the whlte llght and spectral signal lnter-
ferograms, The occurence -of the whlte llght interferogram
peak 1s normally used as a precise start flag when time
averaging repetitive interferograms, This means that
oniy single-sided,interferograms‘can be acquired with

no points acquired befcrg_the central fringe of the

; spectral signal interferogram, Single-sided interferograms

N\
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make it difficdlt, if not impossible, to phase correéi>
the specfra properly as shown in the chapter dealing |
with phase. In féct, this 1is £heiﬁaj0r reason why, in
most designs, a separate interferometef’is used for the. .
‘white light channel.: Thus,lone of the Michelson mirrors
of thé white light channel éan be offset southat the
white ljght central fringe occurs several hundred laser
fringes befgre the spéctral signal central fringe. That
is, the zero path diﬁference(ZPD) point for the white
.light chaénei occurs before the ZPD point for the spectrai
signal, | 1

' To overcome the single-sided interferogram problem,
a versatile hardware and §of£ware sysfem was developed to
precisely acquire and time average any desired numﬁgr of
data poihts(?bth before and after the signal central -
- fringe, The procedure involves generaﬁing a'start,flag
(some imprecise point before the ZPD position) to
initigﬁe taking datd, Then a étop flag (precise because
it is éeneratgd by a preset number of laser fringes after
the white 1iéht central fringe) is used to halt the data | .
acquisition. The time averaging is then performed from
the last data point backwards. This "pretrigger"

approach and how it is accomplished is explained in

°

=4

detail in the next section.

o £
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G Interferometer Flectronics .’
o v " N
The interferometer control (*lv(‘}j‘onivcs Ls shown
in Figure 34 and the timing sequence of the varlious.

4 v :
electronic signals is“ifiustrated schematically in Figure

35. The two key control signals'generaged by. the inter-
ferometer are shown in I'igure 36(a) The uhité light
ffinges signal measured at the output of OAl is shown

i ‘Eigure 36(a) (upper trace), ‘The laset fringes signal,
simultaneously measured at the. output of 0A2, 1is shown
in Figure 36(a) (lower trace). These eignalsvwill be o
referred to as the whlte light analog and laser‘gnAIOg
signels. The white light signal, .in combination with thé
»laser signal, is used to generate @.precise stop flag in
order to sequence averaglng of many scans, ‘The laser
signal is wused to stablllze'the velocity of the moving

mlrror and to initiate dlgltlzation accurately,

1) ‘Moving: error Drive

7
angular waveform obtained from a function generator

K(Heat&\Model EU-81A). This signal is amplified by a

power amplifier (Hewlett—Packa;d Harriton 6824A Power |
Supply Amplifier) to provide the current to driveﬁthe :
loudspeaker coil, The”drive rate and length are set

with these two units., Most of our measurements have

been carried out with a drive frequency of abdut 0.2 Hz

The ba31c mlrror drlve 31gnal is a tri- . \>
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Figure 36,

(a)

(b)

(a) White light analog (upper trace)and .
laser analog (lower trace ~signals,

(b) White light ahalog (upper and white
light digital (lower) signals, -

(Scope time base: 0

.2msec/division)
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Figure 37, (a) Phase locked loop control of laser analog
' signal: upper, no PLL control; lower,
with PLL control. - o
(b) Whitedli%ht analog (upper) and laser

- digital (lower) signals. .
(Scope time base: 0,05 msec/division)

(p
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and an amplitude!sﬁfficient‘to drive the mirror~0.3-0.57

"cm., This:produces"” laser fringes'at a frequency around

£
-

LkHz,

2) Laser Channel

A : . The signal interferogram must be sampled

' at accurate distance interGals. For each cycle of the,

' 1aser fringe 51gna1 shown in Figure 36(a) (1ower trace)

the mirror moves 0 3164 um and the ‘optical path length

changes 0.6328 um, Thus this 31gna1 can be used to provide

an accurate clock for digitization. The frequency o
this clock is determined by the velocity of the moving

mirror., Even though this clock will accurately mimic

‘any velocity changes in the mirror, it is still de51rab1e

to stabilize the mirror veloc1ty Because of the variable.

Al

effects that low and high pass electronic filters wiil

have on an interferogram signal whose frequency composi-

‘tion is changing due ' to mirror velocity changes. In

our"system, the mirror velocity is stabilized using gf
phase locked 1oop feedback con‘trolﬂsystemo

« A phase iocked 1oop“(PiL) consists of a phase
comparator, a low pass filter and a voltage controlled

oscillator (VCO) (54,67) and it can be obtained as a

single integrated circuit (IC)‘packAge. In our circuit

we have used a Slgnetics 565 PLL, Functionally the‘PLL'

compares the phase and frequency of an imput frequency

to the internal VCO frequency and generates an error

-y e

b N\ ) ¢
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voltage proportionai in sign and magnitude to the phase
.-and frequency gifference of the inRut 1d VCO frequencies.

This error signal is applied through”gzz'iow pass filter
to the VCO control input (fnternal connection on the IC)A
anq drives the VCO until it is at eXactiy.the sdme /' a3
frequency as the input=frequency,'that is,'the VCOo output H
" becomes locked to the input frequency. Clearly, no
stabilization of the mirror velocity is achieved merely
yby just locklng the VCOAE the PLL to the laser frequency.
But the error 31gnal dlscussed above is available as an
output from the lntegrated circuit (pln 7). 'Thls error
signal is applied ‘with appropriate polarity, to the
‘external _voltage control input of the mlrror drive
functlon generatori |

This input of the function generator allows an

offset to -the basic drive frequency (about 0.2 Hz) so

that the actual drlve frequency depends on the polarity
andvamplltude of the error 51gnal For example, if the (
' o N
error s1gnal is momentarlly p031t1ve, tRe drive frequency

is fe,e‘dback ‘ >

_ is reater than 0.2 Hz for that time.
loop_( A3 and 0A4) stabillzes the mirror veloclty and
hence the laser fringe frequency. The capabillty of
LthlS system in stablllélng the mirror ve1001ty is shown
in Figure 37(a) '~ The upper trace is the laser analog
signal without feedback control and the: lower trace N
_with feedback control., Each trace is a d.s second time

)
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expdsure taken'during ‘one scan of the mlrror drlve.

"'*?gA Complete detalls on the operatlon of the 565 PLL

N

.. can be obtalned from Slgnetlcs (68) . Only those

connectlons ‘pertinent to this appllcation will be discussed
The VCO free runnlng frequency.is set by the valme of the

X capacltor to gronnd-from pin é and the resistance to +15V
from pin 8. The frequency is set by the 10k ohm
‘potentiometer to ahont 4 .kHz, The-0.5 uf capacitor from'
pin 7 to +15V sets the internal loop low pass'filtering
and the 0,001 uf capacitor between pins 7 and 8 is for
decoupling, Pina? is the’ error voltage output and#heno% N
‘provides the feedback signel for the mirror drive w
-stabilization loop, Pins 2 and 3 are the external lnpnts
to the phase comparetor. The laser analog signal is

connected to pin 2. The voltage d1v1der network on plns

2 and 3 is necessary for proper operatlon of the PLL’

M‘\ .
. integrated c1r‘“?‘“fromfaNSLnglngower supply. Pin 4
— T,
is the VCO output which, when the complete system ‘i
_ interconnected, 1is ‘phase locked to the stabilized laser
frequency. Pin 4 must also be connected todpinIS, which
'i{s the internal inpUt to the phasée comparator in order

-

to close the loop\on the integrated circuit., To complete

- the laser‘channel ircuit, the VCO output is converted to
“a TTL level signal by the OA comparator. The output of
the comparator will be reférred to as the laser digital

signal (Figure 37(b), lower trace) and is used to clock

1Q2



" the ahalog;tOedigital converter (ADC). “ .

3) White Light Channel :

In order to time average interferograms,
some type of precise’ control signal f% required to insufe
coherent addition of repetltlve scans, This is the prlmary
function of the white light 1nterf/iogram. As discussed <>
in Chapter VIB, in the single interferometer design, dhe \
white light and sighal interferogram ceutral fringe occurs
coincidentally.f Since the'whitevlight fringe is the only
accurately known‘point (zero path differende position).
during the mirror scan, using it to initiate data
acquisition results in single-sided‘iuterfetograms‘(nov
dat? points acquired before'the ZPD position ot the
signal 1nterferogram) Chapter V*discussed the‘problems
with calculatigg\ecceptable spectra from single~ sided
interferograms. " '

'Our approach to tlaking data on both sides of the

ZPD position is to use he white light fringe to generate

a precise stop flag, A rated at some

N

- imprecise point before the ZPD position to start acquirihg

data pointss, When, the whlte 11ght frlnge occurs, it is

used to prec:.selyﬁtart a. modulo-N counter that counts

the laser digital clock., The counter overf}ow pulse gen-

erates a stop flag which is used to terminate data
acquisition. Repetitive interferograms can be coherently

time averaéed'py sequencing addition from the last point

°

-
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acquired rather than the first, in a sense, time averaging

> backwar This is achieved easily with softWare. This

system will now be described in detail, It will be

helpful to refer to Figures 34 and 35 in this disgussion.

The imprecise start flag is“generated from a

"sync' signal avallable from the functlon generator, It

is &8 square wave of the' same frequency as ‘that of the

_ mirror drlve triangular wave, The positive edge ©f the

sync., 31gna1 which ‘is inverted by NAND-2, triggers

- . MONO-1 (monostable) which in turn triggers flip-flop-1

~ {FF- 1) generatlng the 1mprec1se start flag (the negative
‘going edge.of NAND-4), This 1nitiates data acquisition.
The approx1mate positlon of the start flag, w1th respect
| to the white llght fringes, can be set easily u31ng
MONO-l It is normally set to occur about 2200~ 2400
"1aser clock pulses before the ZPD position, The 1aser
clock pulses are counted with a Heath Model EU- 805“/A\
VUniversal Dlgltal Instrument-ln _the gated counter mode.,
_ The clock 51gna1 is applled to the counter lnput and the
counter gate is a pulse derived from the exclusxve -or
(XOR) of NAND-3 and NAND4 signals, Hence the counter
‘ registers thebnumber of clock pulses between thezstart
and stop.flags. The modulo?N is 2048 so the total count
is adjusted to read approx1mately between 4200 and 4500
‘that is, 100 to 400 more points than necessary to allow

for drift and jitter,‘ The start fldg: is imprecise with

N

&
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respectito the ZPD position because it is essentially
Aimpossible to oscillate an electromechanical assemhly»such
as the moving mirror assembly and have it turn around atr
interferometrically accurate amplitude., The jitter in the
start flag has a standard deviétion of about 9 laser clock
fringes. ” | |
‘ The sync. signal is used for one other key functlon.

Data is acqulred on only one half cycle of  the 'moving o
_‘mlrror oscillation. aWhlte light fringes are generated on S
‘both half cycles, The sync. signal is connected to NAND-1
to inhibit the generation of a spurious stop flag on the
other half cycle of the moving mirror oscillation,

Whent the'whlte light interferogram occurs, it is’
~amplified by-OAil then converted to a’TTL level digital
signal hy a comparator., To pro;ide noise immunity, the
ttigger level is set so that only the central three or -
four fringes fire the comparator. The white 1ight analog
and digltal signals are shown 4in Flgure 36(b) upper and
lower trace respectively, - The first pulse of the white
light digital signal triggers MONO-2 which immediately . »
triggers FF-2, the modulo-N counter gate; This allows
the counter (N=2048 for our present interferogram length‘
of 4096 p01nts) to count the laser digital clock pulses.’
MONO-Z pulse width is set w1de enough to block out sub-
;equent npulsesAof the white light dlgltal signal, The

overflow (carry) pulse of the counter triggers FF-3
_ . =



n

generating the stop flag which is precise in terms of
mixror movement with respect to the white light fringe
(ZPD position). This stop flag (negaélve éoing'edge df
NAND-4) terminates data acquisition by_the computer,

- Time averaging of the acqulred interferograms in the
computer is.sequenced”backwerds‘froh the last data point,
thereby providing ceherent addition of interferograms.

Flip-flop 3, when 1t is trlggered also clears FF-2

-

thus closing the counter gate and preventing multlple stop od

flags. The second half cycle of sync. pulse clears FF- l
~and FF 3 to be ready for the next iscan sequence., The
purpose of NAND-3 and NAND-4 is to buffer the flip-flops
to meet the input eharacteristics of‘the‘data acquisition
systeme | A |
The first pulse of the white llght dlgltal signal
quust be reproducible from scan’ to scan., These 31gnals
have been observed over several'hundred.scans. Also, over
500 repetitive interferograms have been time averaged and
there has been nQAevidence'ofwjitter‘in tﬁe first pulse
“of the white light digital signal. o v

4) Detector Electronics

. The detectoT used for IR measurements was a

TGS (triglycine sulphate) pyroelectric detector. A circuit

was provided by the supplier to interface to the detector

to provide a voltage of low output impedance. This voltage

output was connected to a low noise preamplifier (Princet%n'

°
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i
Applled Research Mode1l 225) The input is ac‘coupléd and
the preamp provides varxable low and high pass filtering
. and variable gain. The bandpass was set at 300 Hz to 10
kHz. The preamp output is the signal that is applied to
the analog-to-digital converter (ADC), :

A Si‘photodiode was used for visible and near-IR
~fneasurement_s. The output_of‘the detecto# was applied to
an ope}ational amplifier (PAR}Model 2l5) in the curreﬁt
amplifier mode and ac coupled input, Thevoperational
amplifier output was connected to the ac coupled PAR 225
low moise preampllfier before going to the ADC. The

A
bandpass of the preampllfler was set for 300 Hz to 10 kHz.

Photomultiplier tubes (lP28 and R166 solar blind)

were used for visible and UV,measurements. The standard
* o high voltage dynode chain circuit for photomultiplier
i\tﬁbes is for DC applications (Figure 38(a)). This was
"' modified (69) for operation of the PMT for sigdals of

high ffequenciesf(Figure 38(b)). The PMT circuit was

normally operated with a negatlve high voltagg/o 500V,
represent the nine dynodes of the/ﬁMT. The
anode current drains through R; to ground pr0V1d1ng a
voltage output. This was applied to the ac coﬁpled low
noise preamplifier, then to the PAR 215 operational
| ampllfier in the voltage ampllfier mode with gain of 10
/.> : and finally to the ADC, The response of the PMT

, circuit is down 3dB at f=l/(2“RLCL). C; is the coaxial
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" cable capacitance and 1s about 100 pf, IFor response to

around 30 kiz, R, was chosen to be 50k ohms, ﬂ}

5) Sampling Rates .

[t is necessary with a versatile Fourier,

transform spectrometer system to be able to acquire data
at various sampling rates, The importance of éampling
rate and i;s‘relation to the frequency axis has been
discussed in Chapter III, Most 6f the measurements are
now taken using the‘direct sampling rate of the He-Ne
laser fringes. Where the number of points for the Fourier
transform is limited by the size of the computer memoryu
(as in the PDP-8/e system used in the early developmeﬁt
_of this work and described in the following section) it
is desirable to use a toarser sampling interval to
optimize spectral coverage and resolution. These coarser
sampling intervals ($2 and }4=sampling réteé) are achieved
by software, -Data is takern into the computer at the
direct rate of the laser fringes, If the ¥2 %&te is
desired, the program is instructed to signal average every
other point or for the 34 rate,\every fourth point.
This, however, does mean that 2000 data points must be
acquired in order bo‘;ime‘average a 500 point inter--
ferogram at- the #4 rate, |

The question arises as to why a hardware approach,

simply a couple of giip-flops on the laser digital clock

;:
\\ to divide by two or four, could not be used, Time
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vaveraglng could proceed dlrectly and with simpler software.

However, this is.not pOSSlble 1n our system for a subtle

, A

reason, The ADC clock must be phase locked to the white

’11ght and 31gna1 1nterferograms. The laser digital clock

,satlsfles.thls constraint, Figure 37(b) shows. 20

superimgosed repetitive scans of the laser digital and
white lilght analog signals. The laser digital maintains

the same phase with respect to the white llght signal,

But any clock 31gnal generated from it by- a moduio 2 or

modulo-& counter cannot be phase locked to thE"Whlte

light and 31gna1 1nterferogram because the state of the

counter cannot be reproducibly set at the start of data

acqulsltlon (the start pulse is imprecise w1th respect to

the white light 1nterferogram)
7 )

‘It is also possible to take data at sampling
intervals finer than that provided by the direct rate of

the laser digital clock ‘This is useful for clarifying

- highly aliase spectra as shown in Chapter ITI., It
turns out, in'contrast to the above‘51tuatlon, that a -

phase locked clock of higher frequency can be generated

by a hardware approach,

x

¢ A phase locked 1oop can be used for prec1Se

vfrequency multlplicatlon (54) 1t was mentioned in an

‘earlier section that the internal loop of the 565 PLL
between the VCO and the phase,comparator was closed by

connecting‘pin 4 and'pin 5. If this connection is opened

-
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and a modulo-K cOuﬁter gK—Z or 4) is inserted, the 1dop-
will operate so as to drlve the VCO at K times the

frequency of the’ input 1aser analog signal. The VCO

. free running frequency must be adjusted to about twice

d

the laser analog f{eqpency before the PLL can lock onto
it, Once lock is achieved, the VCO output at pin 4 willv 
be precisel&vK times the laser analog signal frequency

and phase locked to it, This approach has been used to

generate X2 and X4 sampling rates,

6) Electronics with the PDP-8/e Computer

The computer system used for the early

-devetopment of this work was a .DEC (Dlgltal Equlpment

Corpokxation) PDP-8/e. There are only‘two digital control
lines into the computer‘(the other digital inputs are -
used for the data), One is used for the clock ADC'flag
to tell'thé compﬁter that the conversion is done and thet
digital data is aVéilgble to the computer, The other
control line must then\bg used to start and also to stop
taking Hata‘; A |
: ~The iﬁﬂerferometer ;;éntronics used with the PDP-8

is shown in Figure 39 and the t\mlng sequence in Figure 40,

The circuit for the laser channel énd phase locked loop
feedback control is bas1cally the samg as descrlbed earlier.
The start flag, in this case,. is a ver;\short pulse
(about 50 usec) from MONO-2'genefa£ed from\MONO-1 and the
sync, pulse. The white light'fringeAtrigger \gONO-B
N
\\

N
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Schematic diagram of the control signals'
timing sequence: for the circuit in Figure 39,
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which open{fthe Modul counter, The overflow pulse
triggers MONO-4 whichugiveSTanother very short pulse
(about 50 usec) which is the stoé flag. The,counter
reset used here is more crude than in the I1;§eét circuit
(Figure 34). The counter gaté; MONO-3, 1s adjusted to
close in a time period longer than N‘counts but shorter
than 2N counts to prevent multiple stob flags. Since
‘only one control -line is open for the start -and stop
flags, they are combined by a multiplex circuit (OR gate)
to form one‘iﬁput into the‘computer. The computer program
is instrutted to sehse the first pulse as a start flag

, o - —~—— -
and the next pulse as a stop flag, '

ny

~1
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D. Computer Processing

1) The Computer Systems
| The first computer system available was a
PDP- 8/e from DEC with 16k of core and a DEC- tape based
0S/8 dperating system (Flgure 41), The_assoclated
digitizinngystem consists of a sample and h01d module
with a 50 nsec aperture time coupled to a 10-bit ADC I
with a lO usec conversion time. Assembly 1anguage .

(SABR) commands were- used- to 1nput data from the ADC and

output data to the dlgltal -to-analog converter via a -

DR&= EA 12 channel buffered dlgltal 1/0 (input/output)

,board All other programming was written in Fortran

iticluding the floating point FFT. The max imum number

of points that can be transformed with this system

“is 512,

The present m1n1computer data acqu151t10n and
proce351ng %ystem used with the interferometer is based

on a DEC PDP-11/10 with 32k of mgmory and an LA-36

. Decwriter terminal (Flgure 42), The RT- 11 (real time)'

operating system uses an RK-OS cartrldge disk as the
main storage medlum.» Accessory storage, is provided by

a TA-11 dual cassette unit. . Versatile program editing'

‘and graphlcs.capabillty is proVided‘by'a”VT-ll graphic

display processor V;th'a VR-17 CRT, Hardcopy Output

is provided by & Zeta Research Seriij-loo incrementai»

R4
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x . ( 117

P4
/ .
INTERFEROGRAM -
S SIGNAL
aser’ [ wasomaron
C { .
DIGITAL CLOCK SYSTEM
. .
START FLAG — > PDP-11/10 RT-1
.STOP  FLAG —- 3 - COMPUTER | .

A\ A

GRAPHICS | [ - ' .
DISPLAY , L :
PROCESSOR g __ 1L

\r"' o ' . S , ' —1

Sia /. \ ‘ l ‘
: INCREMENTAL | | CASSETTE] | DISK o
CRT| |- : DECWRITER
: PLOTTER 'STORAGE | | STORAGE .

B

Figure 42, Minicomputer data acquisition and processing
‘ system based on the PDP-11/10, '



-

. in this work were’ calculated from 4096 point inter-

the spectra in Chapter V).

- plotter (ModelleO-S)

The Michelson 1nterferometer is interfaced to the
computer hy the DEC laboratory peripheral system (LPS)
which “bntalns the ADC and the sample and hold amplifier?
The analog signal 1nterferogram is connected to one of
the -eight channels of the LPS multlplexer and preampllfler
before going to the sample and hold and 12-bit ADC
(20 usec conversion time), The laser digital clock, the
start ahd the stop flags are connected to the LPS l6- blt
dlgltal I/0, , ‘ ° ‘

The data acqu131t10n program was written in
assembly language’ (MACRO). All other programming was
wrltten 1n Fortran including the floatlng point FFT,

graphlcs and plotting programs. The number of p01nts

that can be transformed is 4096, All the spectra shown

ferograms, unless otherw1se stated., The interferograms
were fully double-sided: excent those shown in Chapter V.

Also the Spectra-were calculated as the amplitude spectra

w1thout using anv phase correction technlques (excent

{

2) Computer‘Programming RS sy
The programs used to process the inter-
ferogram and manlpulate the data are presented here in
descriptive form,: Theuactual programs and detailed

commentary are presented in the Appendix. Figure 43
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. DATACQ

V

‘J" :
FIN2 ——= PLTIN2

\

FTN1 —;——+§}er -

PLTIN1

APOD1

FTN10 ———= PLTINA

Y

S

J

COOLF4

FTNI2 ——— SPVT

——3> PLOTSP
> TEMP

— PKLO .

- Figure 43. Program sequence for data

acquisition and processing.
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gives the program flow to process the data,

DATACQ is the data acquisition program. The actual
acﬁuisitiqn subroutine is written in assembly language
(MACRO), The program begins to acquire data upon arrival '
‘of the start flag with oﬁe point ‘being stored for éach
laser digitallckpck pulse. The stop flag halts data’
acquisition., The raw interferogram is then summed
(sequenced'from the last data point) into aﬁ'array whiqh
is double word to avdid additioq oYerflow. The program
then waits for the next start flag and the Qequen;e repeats
until the required number of scans have been taken., Then
the éumming,ar?ay is divided by the number'of scans and
converted to single word to give the time‘averaged intef-
ferogram, The lnterferogram data p01nts are written onto
the disk as the file FIN1 in 1nteger format.,

- PLTIN1 converts FIN]l to a floating point file

Which is stored as FTIN2, FTN} and FTN2 contaig |
addiéional information about the paréﬁeters used, such
as the numper of points and scans, date and title, and
the maximum'gnd minimum values in the interferogram and L
their point Iocations.

*  APODL performs. the apod;zation of the interferogram‘
stored in FTNZ. ‘The interferogram is multiplied by a
~mathematica; function which can vary ffom zero to one,
There is a choice of functions: boxcar, triangular,'and

Gaussian. Others could easily be programmed, The degree

of apodization is determined by the choice of the indices

A



in the case 'of boxcar and triaqgular functions.‘ For the
Gaussian function, the parameter FAC is entered to
determine the width of the function and Z to determine
‘the center pbint of the function (usually 2048 for a
4096 point double-sided interferogram)., The apodized
interferggraﬁ is stored ih'the file FIN1O,

I,. COOLFhlpefforms the fast Fourier transform on the
data in FTN1O and outputs the unscaled amplitude spect}um
onto the disk as the file FIN12, )

Both the interferogram and amplitude spectrum-can
“be viewed on the CRT with the programs INVT and SPVT
réspectivel&. Any portion‘of these daté can bé‘displayéd
and expanded, Listing of the data points on thé terminal
can also be obtained. o s
| Hardcopy can be obtained on the incrgmentaivplotter
of the'interferdgram, the apodized interferogram, and
~ the spectrum withvthé programs PLTINZ, PLTINA, and TEMP
respectively. %ny pértion of the data can Be plotted
with- any desired expansion. The~épéc;gum can also be

scaled to giveuexpandéd amplitudes 6f small peaks with

the progra:r\\PLO?I‘\SP° , o
e\\\\PKLO searches for peaks in the spectrum above a

épecifiéd threshold value and outputé their point
location, wavenumber énd wavelength (for the sbecified

aliasing region). The program also calculates the

\

° scaling factor so that ‘absolute peak amplitudes can be
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obtajned- for quanti;ative measurements,

<§ One place where further program deyelopﬁent is
needed is fi&:&“i"fde‘r‘p? points the Fourier t",ransform
program is capable of processing. At present the cdmputer
memory of 32k on thm. BDP-11/10 limits the "in-core"
transform size to 4096 poiA{s (floating point FORTRAN).
To;improve spectral resolution, longer interferograms
(larger opticel retardations must be transformed, There
ere procedures for performing tﬁe Fourier transform in
: segments using the disk memory for temporary storage,
therefore, allowing much longer interferograms to be
processed by this computer, ~Another possibility to
achieve this is to have a direct communications line\from
‘the PDP=- ll/lO to a large central computer. Thé'mini-P
computer would perform the .data” acqulsitlon, then, the
interferogram would be transmitted to the large computer

which performs the Fourier transform.



CHAPTER VI

SPECTRAL MEASUREMENTS WITH 'TME .

I'OURIKER TRANSFORM SPECTROMETER

The Michelson interferometer systém‘was described
in detail in Chapter VI. Earlier chapters discussed
special factors that had Lo be considered in extending
the use of Fourier transform spectros&opy to atohic
épectrochemical measurements, A few spectra-weré‘sﬂown
to illustrate imporpgnt points in the earlier chapters,

In order to explore the capabilities of the
Fourier transform spectrometer'that wés built, various
spectral sources in ‘different spectral regions were
measured, These include measurements from the near-IR,
visiblé, ultraviolet, and mid-IR spectrai regions.
RepresentatiVe spectra are Shown to point out the

versatility and capability of the spectrometer.

4
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A, Near»lnfrared Measurements -

The flame emission spectra of the alkali metals,
Li, N'a,' K,,Rb, and Cs, fall in the 600 to 900nm region.
Oniﬁdetectorlmhlch has.response in!this spectral region
is the Slﬁoﬁotodiode. Its maximum sensitivity is around
1 um, - The detector is mounted in an altminum hou51ng R
which fits into the\detector mount of the 1nterferometer.-
The 1nstrumental setup for the flame source
consists ofl’ Varlan Techtron manual gas control box, a

Varian nebullzer and a premixed burner. The slot burner

head was removed and a cylindrical flame head (70) was

E——

constructed { The burner head consists of an array of
stainless steel capillary tubes of 1 mm inside diameter,
The caplllary tubes are stacked side by slde and held
together ‘by epoxy inside the outer cyllnder. The top
surface of the array of about 60 capillaries is -flat and
the array is about:ll mm in total diameter. .

The flame is then actually ;composite of smallb t
flames, one from each capillary tuze. The blue inner
cones of the flame are 1 to 3 mm high, but the rest of
the flame extends about 30 cm in height, T@; alr/
acetylene flame is very stable. For the alkali metals
a cool flame is sufficient for excitation, The manual
gagPbox was set for flows of air=7 units and

acetylene=2,5 units, This corresponds to 12,3 and 1,8



liters/minute respectively. The burner was placed at the

- focal p01nt of the 1nput off-axis parabolic mirror to

colllmate the llght to the 1nterferometer. The obser-

..vation height for the atomic em1351on was set. by

rotatlng the mirror so that the.focal point was abouti
5 cm above the top of thekbu;ner. ,

Figure 44 shows a spectrumvof the five alkali
metals listed above. The spectrum was obtained By taking

the Fourier transform of the interferogram resulting
rLer ‘ ;

from a ’ solution of the five elements at about

100 parts per million (ppm). The solutions were made

from the chloride salts of the elements, Fifty consecutive

scans were  .averaged and the interferogram was

apodized with a Gaussian function (FAC=2.5). The

sampling rate used was the direct rate derived from the

He-Ne laser. The digitized interferogram is shown in ~

Figure 45 where the middle 3000 points of the 4096 point
double-sided interferogram is plotted. To ilfustrate
again the point made in Chapter.  V about pha;glerrors,
note that the interferogram is quite asymmetric. Yet,
the spectrum is not distorted because it is calculated
from a double-sided interferogram, The Michelson
moving mirror drive was set at about 0.2 Hz or 5 seconds
per scan, The 4096 points of data ::\one scan were
acquifed'in e 1 second period during the 5 second:

mirror drive cycle, iTherefore, although about 4 minutes
. ¢ Py
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~are needed to achire the data for_SO scans, the actual
measurement time is ohly‘about 1 minute. » .

It should be noted that, since tpe sampling
1nterva1 was 0, 6328 um, all the lines in Flgure 44 are
allased as explained 1n Chapter III," The wavenumber
axis, is labelled for region (5-8) (see Table II)

The Li, K, Rb, and Cs’ peaks 11e in this reglon, but the
Na doublet i§ actually allased-ln from region (9-12),
“The measure wavelengths are tabulated andloompared with
~the literat're values (71) in Table IV. The agreement
’is‘quite good, It sﬁould be eﬁphasized that a spectral
‘tr@nge of 300 nm is covered in this spectrum, 111ustrat1ng
‘&the wide simultaneous spectral coverage possible w1th
» Fourier speceloscopya
B Quantitative aspects were studied with the lithium
_peak at 670.78 nm. An analytical curve‘for-lithium
flame emission is shown in Figure 46, The lower o
'concentratlon limit is about. 0.1 ppm at which point the .
“S/N for the llthlum peak decreases to abopt three. The
slope of the straight portion of ‘the log-log plot
ranges'from 0.95 to 1,05 for all the analftical curves
'that have beerl run, ' The slope in Figure 46;is‘l.05.
- This shows that Ehe FOuriefltranSfo:m”spectrometer is l
capable of'quantitaﬁlve measurements,
The speetra for two of the points on the analytical

curve are shown in Figures 47 and 48 for 5 ppm and Q.5 ppm

~
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TABLE IV
Wavelengths Calculated From the AlkaliﬁMétals

Spectrum Sthn in Figure 44

Element Literature (nm)s' Experimental (nm) ' igéw
Li 670,78 . 670,63 0.15
Na 589.59. 589,47 o.12. > /!
o : .589.00 ' 588.87 0,13
| K 766,49 766.32 . 0.17
I o
| | 769.90 769,74 ~0.16
Rb 780,02 - 779093 . 0,09 -
i 794,76 79,64 " 0.12
“"\,’ | : ’_\ . o | ’. | D .
- Cs 852,11 851,99 0.12
IO - ‘ 894.35 . 894,17 © 0,18
/
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lithium feSpegtiVely. The interferograms wére double-~
sided and were each the average éf 50 scans. .Gaussian
apodi atioh was.appliéd to’the'409§ point interferograms
(0.6328 um sampling interval). THe abséipge peak A?t
vamplitude was caiculated froﬁ the’scalinglfactor needed
to scale the épectrum from 0 to 4096 Sn the vertical 1 )
axis. The band spectra around'lOBOB to 9800 m_} are due <&3

to water bandé around 960 nm (72)., The amp itudéspof\
these bands remain relatively éonstant. The bands in the
‘prpm Li speétrum appear smaller because both spectra
ha¢e been scaled between 0 and 4096, but,‘thé Li peak is
ten times larger fpr the Sippm ép?ctrum éhan for t?e 0.5
pPpm speétrum. |

| To éxtend’the measurément of spectra to shortef _. ' -
wavelengths, studies were carried out in the viéibbe

région. The.atomic spectra of most elements 1lie in the

visible region of the spectrum. -y

Q
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‘B, ‘Measurements in the Visible Spectral Region

-

3 Measurements made in the visible spectral region
\ ) .

“used a phatamultiplier.tpbe (1p28) as’tnevdetector. The
ndggative high DC voltage,for the PMT was‘supplied by a
/Hgath EU-701-30 p6wef'supp1y module and was set for 400.
to 500 V. The dynode chain for the PNMT was mounted inside
B the PMT housing. The housinglhas an adaptor piece which
' fits into the detector mount of the\interferometep;
Differéntnsize abertufes could be ﬁlacéd on the adaptor
piece} MOsﬁ of the spectra were taken with a 1,0 mm e
.aperﬁure. | ’
Sodrcéé measured-Were flame.emi;aion of Ca, Sr, Ba,
Na,.Li and\ hollow cathodé laﬁps (HCL) of several elémenns.
All the szzzéia are from doubie;sided interferograms |
apodized with a Gau531an function (FAC=2,5). The diréct
‘sampllng rate (0,6328 um) was used and 4096 p01nts wére
'acqulred..‘/ ' |
Fifty scans were aneraged This number was
chosen ag a con?romlse between 1mproved S/N ratio with
more scans and shorter tlme of data acqu131t10n with
fewer scans, To.test ‘the S/N ratio improvement with
more scans, the baseline noise of Na.sbectra_waa
measuréd for inteffefograms of 1, 10, and.lOO scans,

The increase in the S/N ratio (decrease in noise with

the signal constant) roughly follows the square root

u

Vo



of the increase in the number of scans,

1) Atomic Flame Emission ' ®

" The flame emission spectra of Li, Na,¥Ba,
Sr, and Ca is sden‘in Figure 49, . The concentrations
were: Ba 800 pp[_ﬁ-, Sr 100, l\la 1, Li 10, and Ca 1Q0.
The fleme used was the same air/acetylene flame used for
near;lﬁ meaéurements. Novettempt was made to optimize the
flame conditioms. Medsurements ﬁsing.a‘nitrous oxide/
acetylene flagf would glve better emission 51gnals for
many elements including, Ca, Ba and Sr.) Another excellent _
source for emission is’ the inductively coupled plasma.
This is a very good source for simultaneous multlelement~
analysis.”. 7 | ]

The bérinm peak is overlapped by a CaOH
band centered at about 555 nm, Agaln the\spectral llnes
are all’ allased ‘ The labelled axis is for. reglon (9 12)
which includes the ‘lines of Na, Ba, Sr, and Ca, The Li
1lﬁe’§é in reglon (5-8).  The interferogram is ehown in
Figure 50 (the middle 3000 potnts are plotted) ote
that since the Na doublet dominapes the spectrum g
Qof peak-amplitUdes, the interferogram has the general
shape of .the Na 1nterferogram (a beat pattern from the
" summation of two cosine waves:of sllghtly dlfferlng
frequencies). The 1nterferogram-is falrl;‘eymmetrical;

The symmetry is very dependent on the proper alignment

of the Michelson mirror. The literature and measured

-~
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- wavelengths are tabulated'iinable V for. comparison, ¥

adjusted to givd_ZO to 35 ma of current;(depending on

the far right of the spectrum in .Figure 51 belongs in

°

Again, the‘agreement‘is quite good.

2) Hollow Cathode Lamp Spectra

......

i}
The ability to measure a spectrum with a

:number of spectral llnes was studied using hollow cathode

.lamps as the source, A Heath EUW-15 power supply was

the iamp usedﬁ to the hollow cathodeiiamps;' The | lamps

wpre clamped in. p%ace such that the cathode was at the

'focal p01nt of the 1nput off-axis parabollc mlrror. All

the 1nterferograms werevaveraqes of 50 scans except the

" multielement steel HCL iuterferdqram\which was 250 scans.

. . -0
Actually, 50 scans of the steel HCL produced qood spectra,

s

tgbut 250 consecutlve scans were acouwred to test the sijnal

'averaglng capablllty of the system (that 1s, the stablllty

of the precise stop flag) \ - '. o
' ~

The spectrum of a mubtielement steel HCL was

measured (Figure 51). The elements present in the HCL?

are: 1rom, chromlum, nickel, copper,'cobalt and

manganese‘\ An optlcal filter’ (Cornlng fllter number 7-59)
w1th a peak %T at 370 nm and a greater than 10%T from
395 ™ 465 nm was used to limit the spectral bandwidth

a . v o
to approximately one aliasing region. Actually, the

filter used allowed a porticn of another aliasing region
. . %

to be measured. The chromium triplet (427 nm) shown at

135
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- TABLE V
f_"vWavelengtHs ‘Ca'llc,ulated‘ From the Spectrw
N . i R v ‘-»r’,,

Shown in Figure 49 |

; Element Lite'r.atﬁre (nm) Experimental (nm) Anm

Vo

L 670,78 . 670.54 o 0.24

Na.  589.59 © - ¥ - 589,40 0.19
589,00 588,80 0,20

Ba * 553,55 53,3 . . 0,21 -
St 460.73 - 460,56 - 0.17

ca’ 422,67 422,49 0.18
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| Serles Ipstrumentation for Spectroscopy was used VIt' W

' consists of:

5 141
o & 3

» -

region (9-12), The wavenumber axis shown on the spectrum °

" is for region (13-16) whlch contains the remalnder of the.

spectral llnes.

. The entire 4096 point-spectrumkis plotted for the_
steel HCL to emphasize the density of spectrallinformation " .
that is present, An important point to realize is that . |
the entire spectrum‘was,acquired in about 25 minutes
including the Fourier transformation.‘ IfISO scans were’
acquired 1nstead of the 250 scans_used for this. spectrum,
the time involved would only be about 6 mlnutes. |

"As abcompa%ison, a scannlng monochromator was used
Lo measure the steel HQ&;spectrumo The}scannlng rate
| l ’iy the same resolutron as in

the spectrum taken withlghé Fourler transform spectrometer.

"e portlon of the spectrum u31ng ‘the monochromator

waro nd the manganese tr1plet at 403 nm is shown in

,Figure 52. The measurement system of the Heath EU-700

EU-703-~ 6% hollow cathode lamp- power supply,
a 0. 35 meter mo ochromator ED- 701- 30 PMT module, '
EU-20-28 1og/11nea ‘current module, and a EUW-ZOA

\

servo-recorder.v The 'trance slit width was set at

50 um, “and the scan rate f the monochromator was set at

0,1 A/sec, Therefore, to measure Just this 1,2 nm
' portion of the spectrum required\Z minutes.' To cover

. the 305 to 465 nm range in Figure 51 the scanning:
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monochromator'wpuld‘requfre about 260’minutes; The Heath
system has a ratherrslow.response recorder. ‘The S/N ratio
was,not equalized with that in Figure 51. . Even with a
faster'response system,'the monochromator is still over
an.order of magnitude slower in:acquiring_the\data. This
comparison»is useful to appreciate the resolution tﬁat "\\gN\\\v
can be aehieved along'with’good‘Speed of acquiring_the o
data with the Fourier transform spectrométer. : , ¢,><:>

' An expanded portion of the steel spectrum measured
w1th the Fourier spectrometer is plotted in Figure 53
show1ng the Mn tr1p1et at 403 nm, The wavenumber axis
is labelled for the Mn The chromlum triplet at 427 nm
belongs to the next aliasing region. ,Expanded plots of
several_other portions of the steel spectrum in Figure 51
‘are-shown in Figures 54-56, Figure.54 shows the region

around the iron‘371.99vnm'1ine. figure"SS shows the‘*g
chromium triplet at 360 nm and Figure 56’shows the region
around the nfékel”352 45 nm line, These’ expanded plots
~show the large. amount of information that is present in
the entire spectrum, - ‘ ‘

Several spectral lines in Figure 51 are tabulated

in Table VI The agreement with the literature values
is very good. Only a few representative lines are listed '3 ,x{
In excess of fifty lines have been identified with the | E

wavelength agreements in the same range as those listed

" in the table. Identification of the 1ines is
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Figure 53, Expanded portion from the steel spectrum ‘in
: Figure 51 showing the Mn 403 nm triplet,
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TABLE VI

N

Wavelengths Calculated From the Spectrum «of the

Multlelement Steel HCL Shown in Figure 51

Experimdfital gnm)

Element Literature (nm) Anm
Mn 403,449 403,443 0.006
Mn 403,307 . 403,286 0.021
Mn 403,076 403.066 0.010
Co 374,550 374.548 0.002
Fe 371,994 371,968 0.026

cr 360, 532 .360.505 0,027

Cr 359,348 359,331 0,017

or 357.868 357,842 0.026 .
Ni 352,454 352,440 0,014
Cu 327,396 327,372 0.024
324,754 324,726 0.028

Cu.

.0
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: straightforWard because of the accurate wavelengthS.
With the Fourier transform Specttometer, the wavenumber
© axis ig inherently accurateﬂ(depending_onl%yon the”
accurady of the He-Ne laser andﬁthe accuracy'of_the
sampling) There is mo external. calihration necessary.
| The spectrum of otQ\r hollow cathode lamps have
also been measured to further illustrate the capability
of the Fourier transform spectrometer. Flgure 57- shows
the spectrum of a calcium, alwnlnum, magnes ium three
element HCL. The last 3000 points of the 4096 point ) ;g//?
epectrum arewplotted in Figure 57(a)." Agaiﬁ, the Corning .
filter~7-59 was ueed._ The wavenumber axis is for'region
'(13 16). --The calcium 422,67 nm line belongs' in another
aliased reglon (9- 12) _Fi ure'57(b) shows an expandedv
iportlon of the” spectrum; The Mé lines around 383 nm, the
Ca line at 393,37 nm, and the alumlnum lines around
396 nm are shewn. .The smaller peaks in the spectrum are
due to the neon filler gas. Table VII tabulates the
oalculated lines from four rndependently measu « spectra,
 The epectrum of a‘ohromium HCL is shown-in Figuge 58.

Thé optical filter (7-55%,bias used, Only about 3000

points of the spectrum are plotted in Figure 58(a). The
wavenumber axis, is for region (13-16). The Cr triplet )
- at 360 nm is expanded in Flgure 58(b). The Cr 427 mm

_trlplet at the far right in Flgure 58(a) is expanded in

‘Figure 58(c). This triplet gelongs in region (9-12),

N

S
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JABLIS VLT

Wavelenqths'Calculatéd From Spectra of the

Ca-Al-Mag HCL
- -u'\k
Literature Experimental Values (nm)
Values (nm) o ‘ o
1 2 3 4
Ma  382.93 -382.88  382.88  382.88 382.88
Ma 383.23 | 383.16 383.16 “383.16 383.16
 Ma 383.83 383.76 383.76 - 383.79 383.76
: ©
Al 394.40 394.33 394.36 394.36 394.33
Al  394.15 396.10 396.10 9396.10 396.07 .
. o : . » D
Ca 393a37 393.31 393.31 393.31 393.31
Ca 396.85 396.77 396.77  7396.80 396.77
’ : &
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| i - IABLE VEII ) oy
Wavelengths Lalculated From thé&Spectrum of the o

i

' Element Literature (om) Exge_ir‘i\m\ant;al (nm) - anm

cr 357.87 0,00 '
Cr . 1359.35 2 ‘ 0.01
cr 360.53 360.53_‘1  | 0,00
cr 428,97 . 428,92 - 0.05
cr s27.48 427,63 0,05
Cr 425,43 425,40 0.03
, .
/
e
7



The -axis is relabelled for thf; “;%pn in Flgure 58(c)
The measured wavelengths are compared with the 11terature
values in Table VIII, The agreement 1s excellent.

3) Effect of Large Spectral Features on Small Peaks

One dlsadvantage of the Fourler spectroscopy
technique is that, 'if one ‘is lnterésted in a small spectral
peak, large unwantng31gnals may have d& be measured as
well, Optlcal fllterlng may help to red;ce ‘the_ unwanted
signal, but there may be instances where the two 81gnals
1are,too close in wavelength to_alkoW'effectlve optical
filtering. As the unwanted'signal'increases'in’amplitude,g
there maf‘be a decrease in the»S/N;ratio of the small
peak of interest. This effect was investiéated‘by
measurlng the flame emission of a strontlum/calcium
solution and a strontlum/sodlum solutlon. .

The flame emlsslonvof_a solutlon of 10 ppm Sr*andl
1000 ppm Ca was measured (Figure‘59),"The Sr 460,73 nm ;

line occurs near the 21802;810m-l mark. The Ca 422,67 nm

¢ » - o
. line at the right and the CaOH bands to the left are much ~

larger than thelSr'peak, yet, the Sr signal is. still
measurable. Figure 60 is an expansion of the Sr peak
Note the basellne noise in thlsggnd subsequent expanded S

h

plots of the Sr peak in' this section. ' The noise levels 1~eﬂlw.\,

w1ll be. dlscussed ”hortly.- . . ’

Another example is shown in Flgures 61 to 65 where
iy

the Sr concentratlon was kept constant at 10 ppm and the



N e ; .,
Y L F
— ) }\ B
7m\\ . . ) ) . I
., . _ *(wdd 0p01) wntoteo pue. -
(wddoT) umyjuoxys yo uworanyos ® 3O WNI359ds UOTSSTWA SweT] *6C sanfrg
2900E2 : : : , - ¥IBWNNSAVM - ) : ,
) j ! _ L. wmeN . . . mmo_mm_ . ’ 820841 8-208s!t
DL AN e e -0 0 T P ETTRom OOy d — 3 . 1 1 L oo .
: . [ T e—— It ;
m g£/°09% ag . v /d
:lw - ‘ -
. . | ..
g >
) <.
R
2 L n .
=N
O
2 . m
. = X
&
WU /9°7ZH BD ‘
. : ;



156

o

o -
4
W
)
;) o)
\ .
P |
T
=
<[  r
© 21400

;vFigure 60, -

T T b
21600 /4 21800 22000

WAVENUMBER -/

.
,
// ’ ' . %
\ / . «

Expanded portion of the. Sy’ 10/Ca 1000 ppm
spectrum in Figure 59 arpund the Sr peak,




 AMPLITUDE

157

Sr 460.73 nm

A%

WAVE!\JMBER

Figure 61, Flame emission spectrum of a solutlon of
' 10 ppm strontium by itself.
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Figure 65. Expanded portion of the Sr 10/Na 100 ppm
spectrum showing the Sr peak
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o N .
Na concentration Was increased, In Figure 61, the-Spectruﬁ
\was obtained with Sr by itself," Onlj"the region around |
the Sr péak is plotted, Figﬁre 62 shows the spectrum of
Sr at 10 ppm and Na at 10 ppm (only the fifst.3370:points
are plotted, the remainder of the points being continued
baseline), The Sr ﬁeak is at the right and is fairlyi
small, Figuré 63 is an expénsion of the region around
the Sr peak, Note that the noise level hés’increased
very slightly from Figure 61 ‘to Figure 63. Figure 64 - 55
shows the épectrum of Sr at 10 ppm and Na at 100 ppma‘ |
The Sr peak can barely be seen, (The.peaks around the
Na doublet: a?é images dﬁe to reflections off thé beam-
splitter substréte and'compensator sﬁrfaces and are
dependent on the mirror alignment.) The portioﬁ of
the spectrum aroﬁnd the Sr peak is expanded in Figure 65.
The noise level now has increaséq considerably,
These two examples, however, lead to differing
viéws of the effect of large spectral features on small
peaks, The Na/Sr example shows a decrease in the ?/N
as the large Na peaks-are infréased in amplitude (10 ppm
Na‘to 100 ppm Na), This is as expected when.using a
signal noise limited detector sucﬁ as a PMT, where the
’noisefincreases as‘the square root of theysigﬁal intensity
"(shot noise), Therefore, if much unwanted signal is
preseﬁt, the baseline noise increases ( iﬂ Fourier

.spectroscopy, noise in the interferogram translates into

> 1
H
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a noise th?t is distributed throughout the spectrum).
But, the Ca/Sr example seems to contradict the
ehove view, From inspection of Figure 59, the CaOH. ;
bands are erEduend.intense, therefore, thére\must be
orders of magnit&de more total signal than in the Na/Sr
spectra, Yet, the Sr peak is.not orders of magnitude
noisier than the Sr peak w1§h just Sr present (Figure 61),
The above contradictlon cannot be explained without
further detailed measurements of 51gna1 and noise, There
~must be other factors which contrlbute to the baseline
noise, One,p01nt to note is that, in addition to the
‘varying flu% of 1ight'as optical retardatien‘is changed

(this is the 1nterferogram), there is a constant flux

present as well, This may contribute to the noise since

. .as the overall intensity of incoming light increases, this

o

constant flux level also increases., The detector receives-

a higher overell flux, hence a greater detector mnoise

results, Another factor is that the adﬁli;ﬁde speetrum A’ s
is taleulatea,'thus, the haseline noise is alwayslpositive.

* Hence, small peaks may get buried in the positive base-

line noise, Quantizing?noise*was considered, But

measﬁrementé made with the same preamp gain did not change
»the.results to any great extent. | | |

| The behavior of the S/N ratie' in the two examples

is still a mystef&. The explanation:;gy"be in one of the

above factors or in others, therefore, further studies .



small peaks 'in the presence of
is still quite acceptable, The small Sr peak
expanded in Flgure 65 is only 0.3% of the Na. peak
amplitude in Figure 64,



w-af”ectral response of the PMT limits €
4E P

C, Measurements ig-the Ultraviolet Region

The measurem&nts made in the ultraviolet reglon

f' uﬁgo a solar blind pflotomultiplier tube (R-166). The

sgectral region

o

that is measured to the aliasing region
magnesium hollow, cathode lamp was ugEd as the so
~ Figure 66(a) shows the spea@rum obtained from a
512 point double—31ded 1nterferogram using a 0. 6328 um
sampling 1ntergal The resolutlon 1s not good enough to
fresolve several of the peaksa The peak numbers refer
to the lines listed in Table IX, Peak 3 is actually three

lines and peak 4 is a quintet.:  To achieve higher

4resolution, the sampling interval was increased to 2.5312

um (still 512 data p01nts) The lines are now highly
‘aliased (Figure 66(b)) The wavenumber axis is shown for

peaks 2, 3, and 4 in reglon 19 and for the large
;a :
285,21 nm peak which is in region 18.

0

The sPectral reglon in Flgure 66(b) around the

o

peaks l to. 4 'was 1nterpolated using the zero-filling

technique (73). . The result is shown in Figure 67 All

0

) ,the peaks are resolved and thelr wavelengths are listed

! in Table IX. The agreement w1th the literature values \

is Very good . lc‘ o -~
When the new PDP- ll/lO system was available, the

Mg$Spectrum,was measured again, The interferogram
., ‘/ . ’ . “\ ' B
";“?_ « U ; - 7 4 . ) v

A
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N Mg 285.2)
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31,608 em”) 35,586 c¢m” T . 39,507.cm ™ Lo
(316.4'nm) (281.2 nm) (25311 am) - '
‘ : R I ' - '
: AN o . , ‘
‘ Mg 285.21
e
s
1
.‘ ‘.‘—J : et o s . J\
. N r-'_— 3 ..‘ Y_—.—_——An— T ‘ V__—.‘V l
35,556 cm™' Region 19 { Peats 2,3,4&5) 37,531 cm’! |
35,556 ¢m”) - Region 18 (Ponk 1) 33,581 em™ -
| y
' . . ! ) I', - .
Figure 66, ’Spectrun;\;of a4 Mg hollow. cathode lamp (512 point .
’ data) (a) with a 0.6328 um sampling interval,
(b) with a 2,5312 um sampling interval. - ' -
: - ! ,"'\ ‘. : ’ (
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7.

0oL o © o PTABLE IX
| § | Wave 1éngths" of Magng‘saiﬁm’ spéctréi' Lines
5 | ‘Shown in Figure 67 ;
Line Literature (nm) | E£<p_e_rimental (nm) . anm
/
1 285,18 . 285.21 . .0.03
o 2 280.26 280,27 0.0l
B o5 279,79 . 279,81  0.02
S 3, 279.5 © 279,55 0.0l
3 279.08 279,08 0.00
Q 4a 278,28 278,30 0.02
4b 27812 27814 0,02
| ke 277,97 27798 0.01 .
o 4d | 277.81 29783 0,02
ve 277.69 B 277,67 - "o;ozv
| | s

%

L
AN

168



-

is now 4096’poipts ldng. The resultant spectrum u31ng
the 0, 6328 um sampllng interval 1s shown in Flgure 68,
Only the sectlon around peaks 2 to 4 is plotted This
spectrum can be compared with Figure 66(a)'to seé the
incrqgsed resolution with the_longer interferogram,
All tﬁe péaks'are resolved in Figure 68;'4The 285 nm

@

line ié-past the left'eng of the plotted'spéétrum.

&
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D. Infrarxed Measurements : » ‘ T

4
R . .

‘The Fourier transform spectrometer is also capééj;-”

of infraréd measurements. ‘The modularity of the spec-

trometer allOWS the Jbeamsplitter assemblv, the source;

'~~and the detector to be ea91lv chanqed@for mld IR

fmeasurements. The beamsnlltter assembly uses NaCl. . ﬁg
substrate and compensator 1nstead of quartz. I?frared |
studles were not doneeln detall; Measurements Were

»taken to show the IR C?Dablllty only. | .

A qlobar (air Qboled) was used as the source. A

polystyrene‘absorptron Spectrum was obtained by placing

'the detect%f assemblv."

<" . The background spectrum is show O 2’69 (a)

[y

. ?
‘and;théﬁ%olystyrene SH
. N St
mid-IR region of the
o The_double—siv,'x erfer0qrams'are'sh0wn in
. : 2] oa v B g P

?Ieure 71'(p6rystyrene) to

"Figure 70 (background)®

111ustrate the dlfference in- the 1nterfer0qrams between a
broadband source and the llne em1551on type sources
presented earller in thls chapte*‘he middle’ 3000
;p01nts of the 4095 p01nt 1nterfér8ﬁrams are nlotted
}nfrared measuremenﬁg are the subject of a future

studv and are. therefore onlv mentlbnéd to show. that the .

sDec%%Ometer can’ be used 1n tﬁé mld IR.

3

'
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CHAPTER VIII

SUMMARY

The Michelson interferometer described in Chapter‘
VI hasvdeveloped-considerabiy from the initial design,
The earlijer interferometers,were slow scanning using a
micrpmeter drive. The interferogram was recorded with a
digital voltmeter, The raw data waglthen translated
onto computer cards and taken bver to_the/Eomputer

center for the Fourier transform calculation and output

ﬂbpldts'of the)p“'roc'esseddatao The present design is

fast scanning and is laser fringe referenced for

immediately with theAMinicomputer. )
Thebinterferometer is now at the stage where
‘eméhasis can be pleced on'experimental epplications
rather-than on’instruTegtal developments. !This does not
meénithet furthe® improvemehts and changes Qannotvtake .
place. _However; the measurements taken to this date

]

show ‘that the Fourier transform spectrometer is capable

2

.-

of produ01ng medlum resolutlon, hlgh quallty spectra.

.To achieve this capablllty at shorter wavelengths

°

than the mld IR, several factors had to be considered,

The hlgher Spectral frequencies immediately create dlffl— ;

culties in “the proper sampling of the 1nterferoqram.

Since avoiding aliasing is not practical normally, it must

digitization. The-data is acquired directly and processed
3 . . .

hE:"



A

be accepted and even, perhaps, put to use,
The measurement of atomic line spectra in the

UV-visible region differs from that of absorption
‘spectravin the IR. The instrumental line shape and
the means to change it for narzow emission type signals
has been studied, The fundamental line shape in
,,Fourier transform spectroscopy'(sin’x/x) intr%duCeso
undesirable features (side lobes) ij" the spectrum,
Therefore, apodlzatlon of the proper types must be
applied to the interferogram.

| Another problem with narrow emission type signals
iS'thevdiffiCulty'of phase correction; This was
investigate% in order to find methods ot overcoming
spectral distortions due to phase error. A solution B
was not found to correct for phase problems‘w1th

31ngle 51ded lnterggrograms.- Therefore, the problem

was avoided with the use of double- 31ded 1nterferograms.

‘to atomic spectra some measurements ndér-
¥ . g
taken. Sources thap were used.%nclude flame em1351on and
hollow cathode lamps. A wide range of wavelengths wasA
‘measured extending from the ultrav1olet to the near-IR "
spectral regions., i Some of the advantages of Fourier
‘transforn spectroscopy are"shown in these measurements,
_These include‘accurate wavenunber. axis, wide

+ .

simultaneous spectral range, speed of/pperation,»and

176



~o

good resolution in a compact system.

.

.The pérformance and versatlllty of this Fourier

\

transform spectrometer is proven in these méasurements

to be quite good. It can be~concluded that the Fourier

3

transform technique is an alternative to the standard

1nstrumentatlon for atomic spectrochemlcal measurements.

Further developments in automatlon, prlce performance,

and instrumental improvements are needed to make the

‘teghnique part-of the repertoire of standard

instrumentation.

177
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' APPENDIX
D A. . . )
THe computer programs listed here were used to
_ecquire an& process the 1nterferograms.i Referencd’should
be made to Figure‘EB and'the general description of the
programs in Chapter VI D, - o "\MA

| The data acqulsltlon subroutine was wrltten )

- in PDP- 11 assembler language (MACRO) All remainlng
prog“am§ were written in FORTRAN IV to. run on a. )
DEC PDP- 11/10 min;compu;er. Commentary ;s‘sﬁrinkled -,
J;hfoughopt.the programs to make in;erpretatien‘e&sier.
A'new _program listing%starts o a new _page. The
‘program name is glven at the beginning of a new -

program listing.

q

A}
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L _ , 511- . FORMAT(” 'r'RETbRanvEXIT=2‘ 11') D

S R READ B9S2 I8 - . e
LT e w2, FORMATCIL) e \ e x pEa . .
T U RIS < 1 ¢ £ ) .sa._La 60, TO PR s g ) .
S e T CONTINUE SULEES L o .

L L T REWIND 1 o '
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T L e T e e “2¢7so-nz
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e L MOV
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, 4 LEFT 1§ NOT. ZEROY THE .
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9 TD TAFE ANOTH‘P BCAN';t-

T, e

DOUBLE wogp nxyrng ROUTINE . vl ST
- § THE SUM OF THE SCANS. 18 A noueLE NORD ARRAY: .. T T
. 4 THIS.IS DIVIDED. BY. THE NUMBER QO SCANS TO GRVE- THE " ';;," SR
o Txne AUERABED;!NT OGRAN. ' !

u e MOV ' "'*«;:fo sranr or,nounLE uoan
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(S RS : S * . FETCH #CORSPC/#FPRT : o
: .. BCS - BADFET . ' -
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L . LEDSV2! ,WORD
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‘ ct WORD
T N,‘Q | VWORD

AR TPt aMeRD
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o R1S! .  JWORD

R UL TR | R2BI T, WORD
. STl e L R38SL 0 WORN,
S T T URABY. L WORD

L AL SoBLKW L1000 . : :
R SR FPRTY . JRADSO /DK./ | ' .
. o ST JRADSO /DATH DAT
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. PROGRAM nnug 'PLTTNL; L R
R - THIS PRUGRAM CONVERTS THE SNTEGER tNT&RFPPOGﬂﬁH ! -
AR .,29 - GYORED. IN *FTN1,DAT" TO A FLOATING.POINT L T
. € INTERFERQGRAM: FTH1.DAT 15 READ FROH THE DESK, - - =
T € .. TRE INTERFEROGRAM 15 FLOATED, ALL THE INFORMATION ,
oW €7 IS-WRITTEN BACK ONTO. THE DISK AS 1HE FILE EER R

| 'FTN2.DATY . . L 7
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: ) .o Ve . ‘ . W i
: B TS W ‘bx«!nsxou Ln(41os>. Yeatos nATE<3\. T:TLEtﬁ) RS D "
- N\ : Rsnnczt NP '
x - A READREY (nﬁTE(I by Xwko3Y . L L
N READULY ITITLECN ) Imts3) _ o
%, . READCL) (LB(Id» D=A¢NPH4) .- ‘
L\, D05 Iwi,NR¥S ‘
3 VY(I)-FLDAT(LBGI)> )
S S5 N COMTI o :
« - . \:REHIW ad ' o N : ‘ , .
™ WRITE(2) NP : s L= v
WRITEC2) (DATECI): I=1,3) . s : v - Ce
WRITEC2) (TITLE(I)» Imis3) ' . » ' o ‘ »
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Wy U Nt -
l' : g» .‘ " L] ‘ ' | -~
o e iy . ¢
T, CE ) ' » ' i '
;ioy'.;.l’ . . .
R . , AR i
tH S L ) N . v ";.: - .
PROGRAN NANE: 'nnon1~ e o
COYHIS pﬂounau PERFORMS THE nvnnxzﬁrto» 0N THE .° ,
xnrznspug ORAM o . . R
o THE. MATION 18 REAU IN FROM THE T :
FILE 'ﬁvuz.nari ON THE D18K. ST o
' ntnruson Y(‘l@u)vbﬁVC(S)r TITLE(!) s e Lot
REWIND z : . o - '
&F“ﬁ‘g’ ) . "-‘ ) L L
READ(R2Y «ndvrc:\p Tere3). 4 Lo S b
READ(2) (TITLECI) » Imip3) ° a oo
- READ(2) (Y (1)s XmioNPE) - e b \\Q\
&
THE, MAX, AND ‘urf, AND THETR ‘POINT LOCATIONS ARE .
DETERMINED AGAIN 1D CHECK THAT THE'CDRRECT /a -
N 1nrasre oanan 18 asenr. : o A 2
o L e T U . T
vnnm-vc1) S it [ A AR
YHINmY(!) L e : I
.00 10 Istelp: . 7 SR ot i§
IFCYMAX SLE, Y (1)) vﬁaxu?c:; S O
TECYNAX LE, Y(ID) IMAX=I -~ . . I
o TFCYNIN (GE, YCID) YMIMmY(I) = = -« . . L
IFCYMIN SGE, Y(I)) ININ=T et S
"CONTINUE R ., S

WR1TE(?»500) YH@"( ’ IMX&YH‘!Nr THEN

*FORMAT ¢ ¢, '.«naxa'.ra.x,*x.'xm'»xs. ?v’ﬂlﬂ“’-FB.iaZir“qurlﬁ),

o)
' THE turzRFendennM DATA. POINTS Can BE LYSTED ST
"GN THE DECWRITER. . oo -
IRITE(7,504) n o .
FORMATL! *4/POINT. LIST? v:t. N1OY T
~stan\sp§o:> NE - SR
| FORMATIIL) ' - . oo
IreNt. oNE. "l) GD T. 11 . S '
-NUPLTE(7y§92 S : S
FORMATC Y o ZENTER NlnNZ) 215 >" Y
, ,<RLAD(5:503) ‘N1,N2 ; S : '
FORMATOAIS) . -
R . A 12 IsN1yN2+1% :
T WRITEC?,504) Iy (Y(J)» 141.1&?> T
FORMAT (¢ 'p14;'<'i10F6 2 . L SRR
<courxnue : : SO0 S
“ L N .
“THE. aponxzarron FUNCTION 18 cnosan._ R S
CURITECF 15100 - ' .
FORMAT ( 'v'APﬁD. Fcna TRI!iy eauss:nn:o ey T
READ(S504) NA. . R
' ‘IF(Nﬁ‘ LT L .UR. ‘Nﬁ ] oBTr ?) 00 Tﬂ 1’1 e .
- 60 (51.50) Ne e e P
* THC- DOYCAR oa WRIAMBULan APOD!ZA;ION»FU&LTION
16 SPENIFIED RY THE FOUR VARIABLES Ni-Ra, ' .
. SEE CHAPTER IV FOR: EYPLANATION. o v
-;wnrre<?,sos>g¢ <
FORMATC 757 TER NerZ:H3;n41 4xs'\3
.;Rsantnvsalx ﬂi-ub'na.NA ] ,
"DDlS: le e T
',Y(I)aﬁwo . L -a.a, T e
D0 16 T=NAINP - 0 T RURRS LSRR I
Y(1)=00 " S i s -
‘nsnau-1.o/sLaAT(n2-N1) S o .
no 17 1~N1,u2 CLh e
“ v a: *
¢ T b V'A . .
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tog,

o)
Y{I)mY(I)RDENOMRFLOAT(I-NL)
DENDN-J.OIFLOQT<N4—N3) oo

DO 18 I=NJI,N4
Y(I)=uY(I)RDENOMSFLOAT (N4~ :)

60 T0 300 ° -
" THE GAUSSIAN APDDIZATION IS APPLIED, .

THE YARIABLES °"FAC® AND. "Z' ARE ENTERED,

\

URXTE‘?:BII)

‘nsﬁn(s.312> FAC» 2

FDRHGT(?FO.I)\

DO 40 Iwi, NP
DUH*A’S(FLU&T(I)*Z)/(FLD&T(NP)-Z)
DUHI‘EXP(*FGC#DUH##?) )
JYLT)mY (T ) RDUNL " o o
"CONTINUE - * S o

 BEE CHQPTER IV FOR EXPLANA?!DN QF Tﬂf UﬁRIhﬂLEﬂo

- FORMAT(’ “*» *GAUSSTIAN APOD.I ENTER FACTOR 32 z:2r91'>

THE APODIZED INTERFERDGRAH 18 g?oasn ON THE

, ‘DISK AS THE FILE *FTN10.DAT®. .
CONTINUE

"REWIND, 10

WRITE(10) (Y(I)s I=1,NP)
STOP - C
END “ -

RS

e

L

~
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. PROURAIL NAML "COOLF4®

THIS PROCRAM PERFORMR THE FASY I(
TRANSFORM "UN THE INTERFEROGKAN 5Y
SFINLIO,DAT® ON THE DISK,

IN FILE

Ae3

TER

INTERFEROGRAM I8 READ Iutc ﬁlnav x ‘f7
DIMENSION: x<4100>.v¢4xoo;.L(207 ’

NP=40%4

'x

NP) .

. REWIND 10

READ(10) (X(I)3
NPTuNP/2
‘N=NP

THE ODD uunntn:n POINTS' OF THE.. xurenrdkooaqn

ARE PUT INTO ARRAY X (RUAL IN’U‘P AND THE
NUMBERED POINTS ARE PUT INT
THE RERAINDE

EVEN
(IMAGINARY INPOT)
ARRAY

k»ls‘FtLLED NITH 2ERORE .

DO 2 Ii,NPT ot
XCLIXI92-1) - .

YeD ax(I92) -

DG 3 T=NPTHLeNP
Y(I 0,0 €.

T Xtl)=0.0

N2POWR12 e
NTHPOW=20XN2POM .
NAPOM=N2PON/2

’ !F(N4POH)60»63nsd
"D 41 IPASS=1,dPOM

NXTLTH=2 ti(NZPO“ﬂdtIPQSS)
LERGTH=4BNXTLTH - °

o

8CALE=S, 2931853/FLOAT(LENGTH)

DU 63 JmLloNXTLTH
ARG=FL.OATA J-1 ) XSCALE
Ci=COS(ARG) ‘ .
-§1=3INC(ARG)

. C2sC14C1-S1%81 , '

 g2«C1#814C1951 -

(8

CIeCINC2E81382 ~ -
53=C24514+32xC1

‘DO 41 !qGLDCﬁLFMGTNrNTHPDN 92@6!“ R

1= ISOLOC-LENGTHHY,
J2xJSLENXTLIH .
T WUBAJ2ENXTLTH
JA=JSINXTLTH
aX¢J1IEXCIIS
R2=X( I ~XCIB)" | -
R3=X(J2)+X¢J4) -
RA=X( J2)-X(J4)

: \ FIiaY (J1)$Y(S3)

U RCIAISCIRCRZ-FI4) 453

3

FI2mY(JLI=YLI3) .
FIJ-Y(J?)* 'CJ4)

Fxt-chzy-v(J4>- IR

S %¢(J1Y=RIIRY
YYJ!)OPI!%FIJ
1?(J—1)64'62964 °

@

xcdux-c1:<n2+rx4)+v;ttFt2~n4)

(JBY=<S1R{R2PFTAIHCLIR(FI-R4)

(J2)=C28(R1-RII}H+S2S(FI11-F1 )
Y€ J2)0-82R(R1-RIVIC2X(FIL<FIIY

Y(J4)~-93!(R2~F14)+
‘60 10 61
X(J3)1R2+F14

(RA4+F12)-
*WRC&F!2)«

"A

.

ARRAY Y
or »oTH -

"

5

2a
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o

L TYCUB)EFI-RA Pt T RIS
V)2 =R1-RS L e B L T e
Y(J2)=FUI=FI3 . S ' 3 Ve
- XCJ4I=R2-FI4- ,
Co T YCIAYERAET2 o : Sl -
61 CONTINUE TR P
C 63 ,IF(N"PDM~"*N4PQN)65v66-6$ B e
N - 1 10 67-J=TrNTHPOW»2 70 R
T REEXCIIEX (ALY : S
R2=X(JY~X(41) e
FIL=Y(I4YCI4LY DUNRRY - TR
, Lo FI2SYO-YOIHLY Tt R
L X(JY=RY ' > ST
R CY(H=FIL ,

N

: X CIELY=R2, : ‘ TR C T
VY S Y(J+1)—FI2¢, S e e
66" DD 68 J=1,13 o L
, . E(y =1
R IFCJ= Nﬂpow)69,¢9.ée :

69 ,L(J)=2*#(N2POW+1~J):b -

68 - CONTINUE el
Id=t%: : ; L
o RTINS k- 7 T R

. L NTHPOW=L (12) :

. S ISELOCEL(11) R T
R TS 13 B "~
oo D e sy e S

o - N23L(8Y - R T R SIS LA .
I NP2MJ=le(7) SR S -
L LB=L ) PREIEEUIR S A S
: L UN2POMRECSY SL el
A ST NAPOWSELCA) e
Ce S LENGTH=L(3)"

S NXTLTUSLC2Y . o EURT
, - IPABSmLCLY T T el T TR
‘ PO 401 Jr=iyLLl : S .
. no»bolfJﬂqu,NTHPou.L1 AR : K
IR ; pO'601'J3=J27180LGCrNTHPOU : R
S T0L 603 Ja=03y S ISALOC v 3
. D0 601 J5=JarN2PLsJ - 0
DO 601 J6=USs N2y N2PYL : :
D0 601 J7:=J6eNP2HIIN2 o
L0 401 JB=J7,L8)NP2MJS ~ . e SR »
- D0 601 J9=UBsN2POWILE . - e . o “ﬁ¥
DO 601 J10=J9¢NAPOW: N2POY | B S
D0 601" . J11=310,LENGTH NAPOY
: DO 601 J12=01 15 NXTLTHALENSTH
ST DO 601 J1=J32+ TPASSyNXTLTI
S IF(IJ=I1 61076105600 T
S AL0 . RXCTUY T _
COLIXCIIWEAITY N
CTUXQD=R N
R IRY(TAY T
CYEI=Y (AT
Y CHaFD TR L A o
601 TJmTdEY SRR o R
n " ARG=Z, 1415927/FL0AT<N) et e . L
U T C1=COSCARG)Y - oL
. B1a—SINCGARG) . - ' : I
SCRIXELe L
T BLdXe0, o S et
LUIN2EN/Z C ERE D N
'-vN2P1wN2+1 : BT /
RS AU DR (1 i 1 Ja2vN2Pl S e /
e NP 2SN D= T L
SR SDRR!-X(J)+X(NP2HJ)




e
5

o

sonxx-Y(Ja—Ytupsz)

o0 UReCIIX -
" C1JX=C1IXKC1~S
S1JX=R¥S14819X

a

Y{JI=0, Sk {SORT

SBRR2"X(J)~X(NP7HJ)
SORI2=Y () 4Y (NP2MD)

. SORR3= ClJX*QDRR7~91JY*90RI2 .
SORI3‘CIJX¥bORI 2451 IXKSORRE

1JXK81 .
*C1.. o o

1~-S0RR3)

“XCIY=0 SX(SORR1+SORIZ).

L UXRI-NIPI 770,78 v

TZL T YXMP2MJ) =0 5K (
ST U XANP2MI) S0 5K
70 . CONTINUE
YC1I=0, o
* THE AHPLITUDE
CFROM. THE RE®L
OF THE FFT.
' THE AMPLITUDE
THE FILE "FTN12

anonoon

C , X(I)=SQRT(X(I)
501 . CONTINUE
S e REWIND 12, .
‘ HRITE(IQ)(X(I)
CSTOP-
CEND

x<1)=x<1)+v<1)7

~50RI1= SORR1)
SORRI SORIS)

»

SPECTRUM IS CALCULATED
AND. IHAGINARY DUTPUTS

>

/SPECTRUM IS STORED AS

DAT' ON THE DISK. S

D0 561 I=isa096 o =

*X(I)+Y(I)*Y(I\)

sI=1,NP) e

1%
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‘PROBRAH NAME' 'INUT'

INPUT TO THIS PRDFRAH 18 FTN! DAT. AUTFUT GIUE“
INTERFEROGRAM LISTING OR PLOT ON bPAPHICS

CMRITEC72601) Iy" (kY'J)- '*f If?)

XDIF=FLOAT(NXDIF)

vv_YDIF~FLDQT(KY(I+1)~KY(I))
| CALL VECT(XDIF,YDIF)

¢ CALL FREE™
~'1srop :

N

TERMINAL. (MAX. “1000 PTS.), -

'DIMENSION Kv<4zoo>. Isczoooi. x<3). xktz)v‘
" REWIND 1.

READCL) NP o R
READC1) (X(1)y I=1,3) -« ° i
READ(1) * (XX(I)y, I=133) T

. READ(1) (KY(D), st NPH&Y s g e
THE INfERFEhDGRAH 1§ SCALED FROM 9 10 1ooo.v,‘

v,

KMAX*KY(l) : - S
CORMINSKYCLY L e S i
SO0 IsAe NP T YT e

CIFAKMAX JLE.. KYCF)) "KMAX=KY.(I) - -~

CL VIR CRMIN . GE, KY(I))’KHIN=NY(1)
- CONTINYE & = R

5=1000, O/FLOAT(KMAX KMIN) o }" .

.. D0 15 TELsNP - . .- L
-KY(I)=INT&FLOAT(KY(I)-KMIN)*S) .
',;QNTINUE L,

":THE INTERFEROGRAM FAN EE |I°ThD ON THE UECURITFR.

MRITE(?;SOO) S e : ;

READCS»600) "NI.» M1 sN2.
FORMAT(I15214) - . : f«,ﬁ SR

IF(NL W NE. 1) GD T0 “0 SRR

110 18. I=N1/N2,10 — : Lo

FORMATC? * 14775/, 10 (1Y 1573
CONTINUE L .

THE POIN?q OF THF INTFrFar&RAM T0 BE ﬂI F!A(F "?

ARE ENTERED.
wRITC<7,501)'

z,FORHAT(ZFlO.?) 1._ e .
U NI=ANL S R
- N2=AN2 L . e
N3=N2--N1 oo T

IF(N3. 6T, 1000) - N?ﬂlOOO
NXDIF=1000, 0/FLDAT(W3) "

CALL INIT(IB,BOOO)

. CALL ‘APNT (0,050, Oy'l!ur 1;1)'
.CALL APNT(0.0rFLUAT(KY'Nl)))

1O 50 T=Ni»N2-1

CONTINUE *

PAUSE “TYPE CR. TO anrINUE'“" Ll T e

CALL INIT -
G010 20

2

FORMATL? 7y POINT LISTTNG? Y!er'Oy m1;N~--x1>214'5."

FORMAT.(/ ¢ ’ENTER FTS. ™ DISPLAY(HAX=10QO5; “FlO 20
“READLS,602) .ANLYANZ. s - gE :

195
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Ui
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NRrOOOOHrmO0 W

LS DO

s

aoaean

B
N\

‘ane0

ann

RyBeEel:d

- N

503 -

" CONTINUE

© THE POINTS OF THE SFECTRUM TO RE uzcnln(r

FORMAT(2F10,2) R ”" e

CC2=CM1+ (A

rnncRau Nnns sepyTe, - o - ; L Ry,
THIS PROGRAM GIVES A LISTING OF THE AHPLITU"E CSPECTRUM

ON ‘THE: DECYRITER AND/OR A" PLOT. OF THE SFECTRUM OM THE: I
CNERAPHICS TERMTNAL (HAX,. 1000 POINTS AT & TIHEY . = i

<INFUT FOR THI PPObPAH 18 FROM DI‘h FILV TFTNLZ _DATT.

_DIMENSION Y(4094) IY(2000) T
URITE(79500) ° ’ RO
FORMAT(’ 7, /ENTER CM-1 LIMIIS oF ALIA IND REQION [2F30,2°)

L READ(S55501) CM1s CM2 . - . R IR
NP=4096 - o B o
‘ANP=4095, 0 SR . ‘ e O 3
REWIND 12 - , e Do R
REﬁD(lf) (Y(I)r I=1rNP) R : oo

THE’AHPLITUDE SFEuTRUM 15 qLALED BETWEEN O AN 1oon, .
CAMAX=Y(1) L R .
AMIN=Y(E) N :

IS IsLeNP _

S IF(AMAX - LES YOI)) AMAX=Y( D)
CIFCAMIN WGE, YCD)) ANIN=Y(D)

51000, 0/ (AMAX~AHIN) o
DO & I=1eNP o - “

'Y(I)mFLOAT(INT((Y(I)—AMIN\*G\)- L v‘fg

THE AMPLITUUE qprrrrun CAN BE LISTED AT THTb FDINT.
URITE(7,508) . . -+ ’ S §

FORMATCY 7y “FOINT LISTING? g 1r N.ﬂ- Nlrwz;11y214ﬁ) _

FlﬁM'u7506) NL.leN’ ’, . o L e ,
 FORMAT(I192I4) 0 - - co -

IF (Nl +NE, 1) 63.TO 16. ,

008 T=N1sN2s5 : ' ek P
: urIrF</,so7) I (Y (KD » k~t,:+4\ . T
CFORMATC, 7y Tas <’y 501X FB, 3 00 e :

CONTINUE R L R T ST

AFF EMTERED,
THE . WAVENUMEERS OF THE £LOTTED TEGION I FHTER . ON THE
DECWRITER (THE WAUENUMEERS OF THE. ALTASING REGION ARE-

EN1FRFB AT THF HLGINNINP oF THIb ipﬂukhh\.v F ':._'\

g

"wPIrt<7y502) .

FORMATC” 7 » ’ENTtR FOINTQ TO DISPLGY‘HAKc FﬁNCkwlﬂoﬁ‘- 2FL 2"‘f

REAT /5, 501)" ANL 1AN2. "
N1=AlL L o s T S T
NR=AN2/ R B
uinchlf(hbl 1,00 (EHD EHL /ANE S ‘
2-1,0)K(CH2-CH1Y/ANP .

CWRTITE(7+503) C1:C2

FORMATC -"N1n',F1o"2.1x.'CM 1'rb¥v'N2= +F 10027 4Xp /CH=1") S

YN3mN2-N1
TF(N3 oBT. 1000) N3=10“0

LR R4

7 NXDIF=1000. /FLOAT(N3)
,;xnxranoﬁf;anxF) ‘

2o THE BRAPHICS: DISPLAY IB DONE UIA QUWPOBTINE CQLL" ; :
',;DESCRIBED IN’THE PDP-~ 11 FORTRﬁN’RT 11 FXTENSIQMS MANUAL.-,‘

CBALL INIT (IYp2000% v e
. CALL (APNT €O, Ob0.0v—lvuf—lvi) S R
CALL" APNT (0. e e e

OvY(Nl))

I,

W



Lo YSTOR

CNDIFRY (LHLY(TY

CALL VECT(XDIF»YDIF ).

T CONTINUE v

o PAUSE
CALL INIT
CALL’ FREE
60 T0 10

_END . g

D020 =NisN2-1 o

PE CR TO CONTINUE”

' . N o B : : ¢
N . . Tl .

i
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v e , . X
c PROGRAM: NAME: 'PLTINZ‘V‘ : T : R R
-« " INTERFEROGRAM PLOTTING ROUTINE . .+ . °° ERT

€ 7. FOR THE ZETA-INCREMENTAL PLOTTER. ST e
€' - - THE FLOATING POINT INTERFEROGRAM 19 READ e S
c N OFF THE DISK FILE *FTN2/DAT*, ," . S
c : ~ , ST g
. DIHENSIDN Y(4105>: X(JOOS); nTF<3~. TITLE<3) L
REWIND 2 ' o - :
READ(2). NP - - . TR . .
“READ(2) (DATE(I), I= 1.3%(’<:‘. RBURIEN "
REﬁD(gY (TITLECI), I=i s L L
CREADC2) (Y(I)y T=1;HP+6)v R Sl e
L < WRITE(7»500) YANP42)y Y(NP+3), . S
'500. - FORMAT(’ “5’'MAX=7,FB.1,7. IMAXe’ ,ra.1>._ :
o T UWRITE(7s501) YINPH4) s YINPHS) . R ey
s01 FORMAT("' TMINSOFR. L, IMINS/FBID) o o -
c - : : oo RS
c THE INTERFEROGPAH pATA POINTS 7O BE PLOTIED ~ . R Pl\\&v
‘€ ARE -ENTERED ALONG. WITH THE NUHBER oF POINTS. : e U
e PER:INCH. _ e R I TR
R HRITE<71502)~...~ T B ST U T
502 - FORMAT(’. ‘s’ ENTER PTS.. TO: PLOT(MAX=3000)32F8,17)
S : READ(5,503> ANLs AN2 o T I I T
503 CFORMAT(2FBL 1) 0 . =T g SRR e
Do U NLmANG T T T T SR l' N
e L N2=AN2 S / B SR A 5
CANP=NPe 0T | S :

. CWRITEC7,504) - | ' - Tl
S04 . FORMAT(’ ’ENTER\POINTS PFR INPH‘ FB L) g. oo STy
SR READ(S;EOE) AINC - : L v e T

Cee e NOS CTaNLGN2 -__, T *';. b
- YOI-NLIH1)=YCY) B T L .
o X(I*N1+1)uFLOATtI) . R S T e
5 CONTINUE =~ o T B PR vy
T UNPTRNZENT 4L : ' e R R U N
- XLONG-FLDATJNPT)/AINC . ‘ R
c- THE INTERFEROGRAM 18 PIGTTEU usxur SULROUTINE CALLS -
Se “SIMILAR_TO THE CALCOMP ROUTINNG FOR -LARGE POMPU!LRB. >
e - F R _THE ZB)fa ILOTTHE SHOULD RE |
- cr - m— li.\me«LE IN THE
C. BESIDES THE, 1 TERF&POGRAM- THE pafes TITLEr NUHBER : _
c . OF  SCANS» NUMBER DF. FOINTS, MAX. ANY MIN. UALUES AND. Mal el
c CTHEIR POINT LOCATIONS AREPRINTED AT THE, TOF oF IHE PLnT.v B S
X(NPT+1)=AN1 RIS e W IR VRN S ;
XINPTE2ImAINC o 7 S T e T e R
YCNPT41) =Y (NP+4) ' B T RIS TP o
S LY CNPTH2) =Y NP+2)*Y(NP+4))/6 0. S S o
.~ .CALL PLOTS L€00005, TINY D .
//’*f’ CALL PLOT (0001040,=3)" . _ .~ . .
Ced 0 CALL PLOT, (04550,0,=3) Lo e :

CALLLINE (X»YsNPT51,050) A
. CALL AXIB (045045 10HPT, "NUMBER r—L0pXLONG 0, O XfNPT+1)nX(NPT+2))'”'J*
GALL AXIS €045 0.9 PHAMPLITUDE 7+°:8.0v°0.0rYfNPT+1)r((NPT+2\) o
CALL SYMBOL (2,059,4»0,14-DATE;0.0p12) . =
" CALL SYMBOL (2,079,250, 14, TITLEpD,0¢12)
- CALL SYMBOL (2,059,050,14+6HNSCANL+D,0:6)"
2. CALL NUMBER (3,099,0+0i14,Y(NF4i350:0,~1). L
.- CALL SYMBOL (A¢0r9.070.14»3HNPI 0, 0e3) ~ - ~ = 7. L AR
- CALL ‘NUMBER "(5,099,0s0¢ 1Ay ANF 20, 03~4)  + 1 o o0 00 et
‘CALL SYMBOL (2:078,720,14,SHIMAXS+0,0,5). .
c«LL NUNBER 43 028,740 14:Y(NE}3) P0vdy=1).




v ‘. o ,C“‘_AVLLV‘
- eaLL
CALL.

CALL

RALL
CALL

STOP -

 END

e

L0 P R

A : N

NUMDER (4,5:8, 7,0.14.veﬂﬁ+z>,a,o.~11;J.7‘
SYMBOL 2,078,5:0, 14, SHIMINS 10, 0s%)

NUMBER -(3.0+8,5:0, 145 Y (NP45)20,0,~1)

NUMBER (4,5,83, 5;0&14;Y(NP+4\:0 o,~i>aﬁ

PLOT ((XLONG&! 0)r0.01+3)

PLOTND L e

W‘

. 0
) .
<. *
<
NN
«
v
R gt
. . 3
o " -
. "
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¢ S
L 500 : X ,

pROePnM NAME 'PLTINA' T S A
APORIZED 'INTERFERGORAM_ELQTTING POUTINE T
FOR THE.ZETA INCREMENTAL PLOTTER, . - e TR
THE FLOATING FOINT INTERFEROGRAM 1. Rznn R SN

IN. FROM THE' DI! K- FILE "FTNLO, nar' : S
"nxuznsron Y g:os). xtsoos). DATE(3): rITLacaiC> S
UNP=4096 : . \ .
ANP=40%4 , o . ':;_.. '_]:‘ . o S
REWIND 10 - ‘ - e

YNy =¥gt)

VREAD(!O) (YtI)p IﬁerP)

BINCE THE DATE: TITLEs AN NUHREP U? SCANS
WERE NOT STORED IN FTN10,OATs TFHEY HUST BE .

ENTERRED IN ORDER T0 RE INLLUD&D IN THE PLOT. N

whitec7,s000 S .
FORMAT(’ 7, "ENTER DATE; 3447 )
READ(Sy501) (DATECT)s I=153)

FORMAY ¢ 3A4). B S .
T WRITE(75502) o )
FORMAT (¢ -+ 5 *ENTER ITLES Tanacy LA
REAL(S) 503 ) (TITLECD > T=1,4)
. FORMAT (444) : . o .
CCWRIVE(77504) © : ' SR : o

FORMATC" * 5 PENTER N0, OF SCANSiHFIO.Zf).

READ(5:505) Y(NF+1)
FORMAT (2F1042) .j,v_

THE MAX; ANH HIN. " AND TﬁFIR POINT‘LGCATIDN"
ST LE DETERMINED AGAIN SINPE THF( WERE NUT
B0 IN FTNIO AT,

CYINFRAIRY LY L Ty

UIECYANE42) JLE
CIFCYONPARY LLE

[< R0
o . o
Ll =)

-

G Jaannn

B -
. u‘
N # . : '

JHELTECZ 0.510) Y (NPT
JFORMAT (. #y*MAX=* s F1002
VWRITE(?!JII) YCNPH+4A)y Y(NF+3‘
'FURHhT('j' ’MINL’rF10-¢r IP‘JN*-3 -Fl@

| PER INLL

00 10 I=1,NP .

YOI Y(NFP“)EY(I“
Y(I)?,Y(NF&I\“FLNATII)
YOLNY YONF4A)=Y (T,
SDH Yfﬂfiﬁ\urLonltI)

IE (Y CHPHA)Y W GE
IF (Y ONFEA) - GE, )
CONTINUE :

IHAX -~F10

THE INTE, FEROGRAM DATA POTNT° TO BE FLOTTF“
ARE ENTERED ALONG WITH THE NUHEER -OF POINTG,

WRITE(? ‘61

"FORMAT (" ’FNTER PTS. TO: PLOTIHAX=BOGO)5“FLO 2'\

READ(S’SOS) ANy AN2 - . N
NI-ANI Lo B B . - S o PR : . e BN
N2=AN2Z' \ i .. v U

'-'NPT-NQ-N1+1 R v ;v R

. WRITE(7+4%07).

FORMAT(* 'ENTER‘PDINTS PER INCH! FIO 9') ”" R Lot

READ(5/505) - AINC , , A

DO 20 TaNtyNR o T f- :

CYCTENIH LAY (T B R PN N
OXCTENL 1)"PLOAT(I) S

. CONTINUE - ’

: ;xLoyoanOArgnPTs/AINc




£ . THE cgkeme IN PROBRAN. 'PLTIN2' AT THis POINT .
C- . ALSO LY HERE. : . L
¢ . - L o
_.v-X(NPT'fl)ﬂﬁNl Lo T T o S
‘Y(NPT‘FI)'Y(NPM) i ’ o S .o T
: Y(NPT-F”’)"(Y(NP+2)-Y(NP+4))/900 ' ) : . H )
CALL PLOTST (0,005,"IN) . » o T e
CALL PLOT (0:0s0 v03—3) Lo e S ) ) v
CALL PLOT (0.5,0.0,~3) o , | A
CALL LINE (X2YsNPT»1,000) -~ ° ‘ . S
o " CALL PLOT (0.0+0.0s%3) y 5 : - 'S : s
. : ‘CALL AXIS (0.100!10HPT0 NUMBER » =107 CLONG» G, p X (NPTH+LY s XINPTH2))
- EALL AXIS8 (Oo!Our?Hﬁ"PLITUDE!+°rB 0r90, OrY(Np$+1)iY'NPT+7)) : .
CALL SYMBOL (2.,079:4:0,14:PATE»0,0:12) - . _ .
: - CALL SYMBOL (2;019 250,109 TITLEr0+0r14) . o :
- CALL SY”BOL 2,099.0> 0114!6HNQCAN3900ﬁ76)
. * . CALL NUMBEER (3 BP0 5314!Y’prl"0 Or=-1)
T - CALL SYMROL ‘400'9»090014!3HNP FO,083)
e . CALL NUMBER (5:059,0,0: 14:ANP 0, 0!‘1)
- - CALL SYMBOL (2.0:8.790:14:SHIMAX? 0, bl5)
¥y ' CaL.L NU"BER (3,098:790:14, Y (NP 3\ 0,0y~1) )
T CALL - NUMBER (458,750, 14!Y(NP*2)£000!”1) . : .
CALL SYMBOL (240¢B,5»0+14»SHIHIN? +0. Q5
CALL NUMBER . (3. dy8,5y0. 14!Y(Nn*5‘10.01-1) i o
CAL.L. NUMBER ¢4.5:8, 5:0414;Y(NPI4)»0.0:~1) . e
'CBLL PLOT ((XLUNG+1 0)!0 Qs +3) ‘
CALL PLCS_ND ‘
STOP : : S ,
END . . ol Yo

ov




- & .
-8  ; N )
PROGRAM NAME- 'PLOTQP‘ = .
INPUT TO FROGRAM IS FYML2,DAT
OUTFUT. IS FLOT OF THE ARPLITUNE VPFCTﬁUM
POINTS EETWEEN SPECIFIED CM~1 LIMITS '
AYPLCITUDE RANGE OF PLOTTED SECTION SCALED To 8 Incnes

connoo

DIMENSION' Y(4100), X(3503) 0 .
. S WRITE (79500
500 - FORMAT(* ‘y “ENTER CM-1 LINITS DF ALIASING heoluna 2F10 2%
- . READ(5,501):CM1» CM2 o . i “
o 501 - FORMATCRF L0, 2) ' L B .
. © o IFCCML JLE cn2> 80 10 3 R - : -
. ., CMI“"(‘"’;‘ ,{] ) 'y . ’ f . L]
: CH2a-0M2 ‘ ‘ S o
.- CONTIMUE, . ~ :
T aCHMEARS(CHL1-CM2) : ‘
, 1 NP=40968 ' . .
RO ‘ANP=A095, 0 . L.

* (HE_ AWPLITUDE SPECTRUM 18 READ FFﬂH THE D13 K OFILE
..ITNI..DAT INTO ARRAY Y. - y ‘

aoon

REUIND 12 o e . L
READ(12) (Y(I)y I=1sNP) L . o , - -

CTHE “PELTRUM 15 SCALFD FETNFEN O AND 4“96.

oon -

AMAX=Y (1) *
AMIM=Y (1) ' _ : T S AR
DO 15 IF1NP . . 1 " L
IFCAMAX JLE. YAI)) AMAX=Y(I) : ‘
. CAVCRNIN JGE. YOI)) AHIN=T(I) ¢ ~\-' e
© 15 . CONTIMUE o , :
R 824094 ,0/ (LAMAX-AHIN) : :
00 16 1=1:NP - N col
16 . . Y(I)~(f'I)~AHIN\*S R . -

c
e THE WAVENIMBER LIMIT” 10 Poor ARE ENTFRE&.
C THE CORRESPONDING FOTNT NURBERS - OFE PRINTE"'
c ©OM - THE - ntrszqu. ' ,

e . .

WRITE(Z:502). - -

502 FORMATCY 4 /ENTER CM-1 LIMITS TO.PLOT: 2F19,27)
S READ(S»SO0L% ANL, AN2 - S :
C o IFGANL LLE, AN2) Go 7o 19 L ,; . ‘
ANf=-aN1 o R C - o
AN2=-gN2 A : : : L ’ g
10 - CONTINUE . . . s
o “ N1=((ANL=CHM1) XANP/CM) £1,49
+ . N2=C(AN2 ~CML)XANP/CM) 41,49

JNPT=N2-NL4+1 - B AR
_ URITE(7,203) NisN2 ) o
. 503 FORMAT(’ 7y 'Nin'.14.sx,'nzu',14) oo .
- DO 20 I=N1,N2 . o
' T YCT-NARL =YD
I -X(I—N1+1)rAN1+FL0AT(I~N1)#cn/nNP
20 . CONTINUE

@ . - WRITE(7,%04) ~—

- 504. . " FORMATX* /. ‘ENTER cn—x PER INCH} F10.2%)
"o, READ(Sy501) AINC,

[ - . ,” . .z-" ] %

e THE SPECTRAL REGION TO BE PLOTTED s -7
€7 [ SEARCHED FOR THE. MAX, AND MIN. VALIUES, ©

Loe THE .PLOT IS SCALED ‘S0 THAT THE HAX.: AND
c

: HIN. UALUFQ EXTEN& 9 INCHES- e




‘a

c . o o .. ST . S
ST AMAXeY (1) : . Y D
AMINwY (1)
DO 21 I=lsNPT .
IFCAMAX JLE. Y(I)) AHAX-Y(IL
. IFC(AMIN (GE, Y(I)) AMIN=Y (1) .
21 - CONTINUE - &
: Y(NPT+i)~AMIN ' N
'Y(NPTwz)-(AHnX~AHIN)/B or. ’: S
xR TH1 ) mANY ER
X(NPT+2)=AINC

. THE COMMENTS IN. PRQGR@M JPLTINZ® ABOUT
(CALLS ALSO APFLY HERE, *. (

CALL PLOTST. €0,00%y* IN*)
CALL FLOT (0,0,0.0s~3)
. CALL PLOT (1.050.0s~3)
. CALL LINE 4Xs¥ NPTy150,0) . -
. CALL AXISC0,10 9t CH-17 1 ~45 CANZ~ANL) ZAINE s 01 P XOMPTH1) » XENPTE2))
. CALL'AXIS(O.vO.y’AMPLITUDE'-+9v8 0190, 0 TINPTHL) s Y (NPT42)) | -
~ CALL PLOT (0,010.0,-3) , \ :
cALL PLOTND o s S\
GoTo 1 . . o . \
_STOP : . .oe R S
END 7 . o S - , \

P
K3

LT

¢ v Lo

€

a2




aacoaanoan
I N .

- %500
501

-~

L CIN THE PROGRAM ° 'PLOThP' THE AMFLITUDE RANGE
40" TO 4096 ENTENDS T0 8 INCHEB.\

.

'PROBRAM AME *TEMP® o ' '
INPUT TO' PROGRAM -18 FTN12, DﬁT e
THE ENTIRE AMPLITUDE SPECTRUM 18- SCALED O~4096 0

OUTPUT I8 PLOT OF FOINTS BRETWEEN BPECIFIED -1 LIMITS
THE PLOTTED SECTION IS NOT EXPANDED. TO @ INCHES AS

P

{

DIMENSION Y4100, X(3503) . . : ;
"MBITE(7+300] - :
FORMATC ¢ * #"ENTER CM-8 LINITS OF ALTASING REGIONS 2F10,2+) C
- READ(5,501) CM1, CM2 . ‘ v

" FORMAT(2F10,2)

IF(CM1 JLE. CM2) GO TOQ 5

CM1=-CH1 ,

CM2a-CM2 : T o :

CONTINUE - ‘ R . .
CH=ABS(CHI-CH2) . ‘ B : ' ‘ ‘
NP=4094 - S

ANP=4095,0 s

oooo’

-~y o R . o .
‘THE AMPLITUDE SPESTRUM IS REAL FROM DISK FILE FINLR.DAT
INTO GRRAY Y AND THEN SCALED FET»EENJO AND 4094,

REWIND 12 I S ; .-
READ(12) <v(x>, ‘T=1yNP) ‘ . : :
AMAX=Y(1) S S _ ) :

T ANIN=Y(1) o : : _ D : B

- pO°15 I=1,NP

Doono~

‘2

502

503

20/
on

"~ CONTINUE

:1THE WAVEMUHBER LIMITS TO PLDT ‘ARE ENTERED,

AN2a-AN2 -

TIFCAMAX WLE. YCD)) AMAX=Y(I)

IFCAMIN +GE, Y(I)) AMIN=Y(I)

521096 0/ (ANAX~AMIN) |
DO 16, I=1 (NP R , .
Y(I)H(Y(I)*AMIN)*S R ' N ¢

THE CURRESPOMDING FOINT NUHBFRS ARE PRINTED
ON THE DECNRITER. .

unrrex7.so~) i ®
FORMATC? *» ‘ENTER CM-1 LIMITS TO P'OT! 2F10, 2 )
REANCS:501). AN1y AN2 A i
IF(AN1 .LE. AN2) 60.TO'10

‘AN1=-ANT _

e

CONTINUE =~ -
Nim( (ANS-CML)RANP/CH)+1 .49

C N2=CCAN2-CML Y RANP/CM Y%L . 49 Aﬂi

NPTaN2~N1+1 | _
WRITEC(Z5S503) NEpN2 - g
FORMATYL” . *» 'qu'.r4.5x.'nzn',14) .
DO 20 T=mNi.N2 - . v
YOI-NLI#12aYCId - -
x<1—u1+m>~an1+FLoaT(1—N1s*cn/nnp

CCONTINUE - .f LT e

WRITE(7:504) - : L

'FORMATC® *,ENTER CH-1 PER INGH) Fio 2*) L -
READ(5,501) AING . o

AMAX=Y (1)

.- AMIN®Y(1)

L D021 I=l 4NPT o T

'ZIF(AﬂQX JLEE YLI)Y AHAX"Y(I) >
‘IF(AHIN .GE. Y1) AMIN=Y(L) - s
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2t CONTINUE
: © . Y(NPT+1)=0,0 -
Y (MPT42)n512,0

X(NPT+1)=AN1
X(NPT+2) wAINC
., CALL PLOTST (0,005,
CALL PLOT (0.090,00- . .

: CALL DINE (XsYsNPTr1,0,0)

\\\\ CALL AX(5(00 10+ 0 CH=1" »=4» (ANZ-ANL ) FAING 1., » XCHPTHL ) » KINPTH2) )

CALL. AXTIS(8. v 0. s "AMPLITURE ’ » 1 9% 8, Or'-‘f\.OnY(NPT+1"v(fNF‘T+")‘I
CalL PLOT (0,040, Ov-3)
CALL PLOTND :

Y

GO TO 1 .
- qToP : £
* “. . END . N
.
» - a
- © i v N
' ° » [} .
* -
*
R
S r
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-3 I\
X ¢ Y ,
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5 ¢ . . .
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FROGRAM NAHE "PKLO® '

THIS PROORAM GIVES A LI%TING OF THE
AMPLITUDE SPECTIRUM AND SEARCHES THE BPLC TRUN
FOR PEAKS AROVE A STATED THRESHOLD VALUE.
THE WAVELENGTH AND ,CH~-1 aﬁs FRINTED OUT .

ON THE DECWRITER, o . R ‘
THE ANPLITUDE SPECTRUM 1S READ FROM THE DISK .

FILE FTN12,DAT INTO ARRAY Y AND SCALED o .

RETWEEN 0 AND 40964, . "

DIMENSION' ‘Y(M)Qé)v J(4094) -
REWIND 12 ‘ ‘ .

A READ, (129 (Y(I)» Iw1,4094) . - ' L
Nﬁ'“4096 . : *
ANF=4095,0
AMAX=Y (1)

“AMIN=Y (1) -
D) S5 InisNP. . Lo -
TIFCAMAY JLE. Y(ID) AMAX=Y(L)

‘ IFCAMIN OBE. Y{I[)) AMIN=Y(I)

5 CONTINUE .

84096, 0/ (AMAX-AMIN)
0 6 I=1,NP

Sa0n

cooogao

6 JOIY= (Y ET)~AMIN) 45 ”
§71.0/8 N ¢ .
C’ , o
co 'Y UALua CALLED THE AK, HT. I3 PRINTED,
C . THIS IS THE AMPLITUDE OF A SPECTRAL POINT RELATIVE
. c IV 4094, FOR EXANSLEs IF PI, HF.22, THE SPCCTRAL .
c POINT HAS AN ABSOQLUTE VALUE OF 2RA004=8197,
C . .
URITE(7510) -5 ’ .
510 FORMATC? 2, “PK. \HT . (RELATIVE TO 4094)=/:F1a,4) .
c : ‘ ' , _ ‘
c THE SPECTRUM CAN BEN ISTED ON'THE DECWRLITEK, -
c - S .
10 , WRITE(7,500) : , o ,
500 FORMAT (/0% /PT, LIS+ ING? & FIS TO LISTymleN=0: TH,2047)
READCS7501) NL»N1,N2 S
501 FORMAT(11.214) ° = .
IF(NL. WNE, '1) 60 TO 20 : _ . e
N0 15 I=N1,N2,10 - '
WRITE(7¢502) I» (JCK)» Ka=IsI4+9)
15 CONTINUE ‘ : :
502 FQRMAT(' “rI457 </ 10CIXFXS)) ' s
c o .
2 . THE THRESHOLD OVER WHICH 4 HAXIMA IS CONSIDERED A SPECTRAL - ;
c . LINE I8 ENTERED PLUS THE POINT LIMITS TO SEARCH IS curskan,,-‘ &
c .
20 WRITE(7,503) - L
503 FORMAT(’07y "ENTER PK, LOC,: THREGHOLD & PTS.TO srAncu, 3147
. READ(5;504) IPH:N1sN2 : '
504 FORMAT(314) : . © a _
e WRITE(7,50%) . :
¥ s05 FORMATC? 7, /ENTER CM-1 LIMITS OF AL:a ING REGION: 2F10,27)
chn(s.soet QM1rCHZ T
506 "FORMAT(2F10,2) g
. NRITE (755075 . N \ ’ -
507 . FORMAT(’ *»POINT NUMBER  PEAK Locﬁ*gon - CM= NH; 7))
L [ o4 . . N ¢
e THE SPECTRUM 15 SEARCHED FOWSPECTRAL LINS BY FINDING
A€ - A POINT THAT IS GREATER IN AnPLITUDE THAN JHERRECEDING :
e C AND._ FOLLOWING THO.POINT BE AROUR THE . .
c THRE&HOLD anua Brrurz IT ™ IDt TFHHLAS 2 SPECTRAL LINE,




ana.
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- DO 30 I=N1+1,N2-2 '
L IFCICDY LT, ITHY 60.T0 30 (v
' IF(J(I+1)‘.GE. J(1y)y GO TO I

60 TO 10

©END

- THE UAVENUM“FR AND NAUELENFTH IN NH OF THI“ HA(IMh IQ
 PR!NTED ON THE DECURITER._.H' IR . .

IFCICI42Y JGE, JCI+1))Y 60 TO 30

TUIREICI=1) 16T, 0(1)) 60 To 20

PK=FLOAT(I)

CCM=CML+ (FK- 1'oiﬁ(cﬂ2~cnx>/nwp

ANM=1,0E7/CM

U BIRITE(7,508) PKyCHMraNM ™ o
FORMAT(2X,F8. 15 14X F10,2,3X F10.8)

CONTINVUE
STOP
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