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i ihe laie 1%h century. Al-

bt Michelzon invented the in-

terferometer for an experi-
menl thal e was conducting to
test for the presence of ether in
the universe, For this be received
the Nobel prize in physics (1).
He also reahized that the inlerler
ometer could be used 1o make
spectral measurements (25, bui,
unfortunately for him. computa-
tional eguipment o do the neoes-
sary calculations did mot become
readily available until the later
part of the 20th century. In the
imerim, less compatationally in-
rensrve dispersive Specinasoopy
developed rapadly and grew
dominance. Becawse of this chro-
nl\lng:,'. all abudlerts ol interler-
amelry skarted a dispersive spec-
iroscopists, and interferometry
seemed difficult and arcane.

There is nothing inherently dif-

ficult abpat interferometry, now
more commonly called Fourier
transform spectroscopy. It is sim-
ply a different approach to mak-

ing measurements, Rather than
producing the spectrum directly,
interferometry requings aan
steps: collecting the signal and
mathemsatically processing it 1o
produce the spectrum. Why
bather with this two-step pro-
cess when Ihe spacirim 15 fiedd-
ily availahle disperaively? There
wre several signilcant advamages
offered by the imterferometer .
that. in certain applications, eiler
significant improvements in he
collected specira,

In this column [ will present a
nsdidel of inmerferometry vsing
equipment famaliar i dispersive
specinmcnpisls: peisms, chop-
pers, amplifers, and the like.
This “working model" of the
imlerfersmeter 1 presenled a5 a
transitional step between imterfer-
omery and dispersive speciros-
copy ,-1|.|||14,5-l|||_£h crade, 1t ex-
plains many of the advantages
and dissd vamages & Fourier trans-
form speciroscopy.

THE INTERFEROMETER
The interferomeer. as illustrated
m Frgure 1, is a mechanically sim-
ple device comsisting of only
three pieces: Iwo mirmors and a
beam splitter, This laner device,
the mos] miyslenious part, i3 sim-
I}i'a_"hilll-mim:r": that i, i ne-
“Theits_hght thee light thant strikes ir
and transmits the other hall’, | Ac-
tsally. no beam splitler operbes
im exactly this way. A portion of
ik lighi is also absorbed by the
bewmmy splitler — it is mone com-
mion for 409 of the light & be re-
Flected, 405 transmited, and
M5 absorbed, )

Light that enters from the
BMATCE sirikes the beam splitter
aril i divadesd into two Beanis
that are sent diown Paao separate
“arms” of the interferomeler
thie mirrors. All that happens =
the mirrors, of cowrse, is tha
the lighi is reflecied buck to-the
beam splitter where the same
transmission—reflection noowrs
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Figure 1. Diagram of a simple interferameter
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. again. The net resuli is that half

of the light From the source re-
turms {0 the source, and the other
healf gosess 1o the detector.

Things are quite simpbe from
the detector’s point of view, In
looks ot two images of the
source simulianeously, one from
gach mirror, The signal recorded
by the detector is the apparen
brightness of the source mea-
wured a% one of the mirmors
moves, This intensity will in-
crease and decrease as the mov-
g mirnes sweeps oul its path,
gererating what is calbsd an imer-
ference pattern — hence the
name interferomeier. (The size
of this signal is greatest at the
point where both mirrors ane the
same distance from the beam splai-
ter, This it referred o as the
zero path difference. or ZPD )

[n mist explanations. the inder-
ference of the photons is intro-
duaced ai this point io explain
whiy the intensity varses with mir-
rof maoverment (3). However, the
operation of the interferometer
can also be explained using more
familiar comcepis.

A DISPERSIVE MDDEL

The essence of interferometry is
expressed in Figure 2, For amplic-
ity, we assume a source that
emits anly two wavebengths hav-

ing the imtensities shown in (b,
These impinge on a prism, some-
thing very familiar to dispersive
spectroscopists, and each is bent
al a different angle and then sem
|I1n'||,|.gh tn sepursle |.'|.'1|:|'|1||'|-E|:x
that are operating at different fre-
quencies. The Mue light has
been bamt more by the prism
than the red, and its chopper
operates &t a correspondingly
higher rotatbon rate than that of
the red. The detecior sees both
of these signals simultansously be-
cause the second prism is ad-
justed to make the light collinear
again. (Mote the similarity to the
roles of the beam spliter: one
prism dhivides the lyght, and the
sepond recombines it )

Tlee signal observed by the de-
tector in this example 15 the sum
of the two square woves coused
by the rotadion of the choppers,
shown in Flgure 25, The blag
light is approximutely twice as in-
tense s the red light. In this ex-
armple. i square wave gocurs al
o frequency of 6 Hz whibs: the fre-
guency of the red light is at 2
Hz. (In the jargon of Fourler trans-
form spectroscopy, we say thal
the sparce has been miodlated
by the inberferpameter, )

The mapw advantage of meer-
feromaetry over dispersive spectros-
copy 15 also illosiraed in thas fig-
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Figure 2, (8] Diagram of a dispersive intarferometar. Assum-
ng a two-wavelangth source [bl, the signal oheerved by the |
detector (c) s the sum of che two square waves caused by |

the rotation of che choppers
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wre_ The sum of the two signals
is recorded by a single detecior,
This is the origin of what is
ki as 1he ||.1u|'|1|‘.||u'l|. ailvan-
tage. The detector reconds both
signals simultansously: thus, de-
echor foises are spresd over
bodh sigmals equally — that s,
cach square wave ends up with
ome-half of the total decector
rvise. & dispersive specins-
copist would leave out the sec-
o prism ard recosd each wave-
bength separately. [T we spemd
one: secomd recornding the signal
shaean in Figure 2, the interfer-
omeler will have recorded one sec-
ond’s worth of nodise to be split
evenly between the two signals.
A dispersive measurerment would
require that we measure first the
blue light for one second and
then the red. Each signal would
gela Tl | measure of ope sec-
ond’s worth of detector noise. No-
tice that the more wavelengths of
Light thad are present in the spec-
trum, the bigger this effect,

In summary, cach wavelength
al’ light incident on the imerfar-
ometer is converted to a chopped
frequency that is proportéonal o
15 energy; Ehal B, shorier-wave-
length light shows up at higher
frequemcies. The signal is moni-
towed a% a function of time, and
this is why the mberferogram is re-
ferred oo as & time-domain sig-
nal, (All frequencies ane mea-
sured with a time abscissa. )

EXTRACTING THE
SPECTRUM
But how do we get the spectrum
from this information? The fre-
guency s directly related to the
wavelengih. as we have seen;
lwwever, we meed some meth-
il Tiar quunl.ll:ulinn. Une ap-
proach is to listen to the signal
(Because your ears ane frequency
(OSSO ), A mocdchromatic 'q![
nal would sound like a single
mabe from a piano. As mone fre-
quencaes are sdded 10 the spac-
trum, the sound would become
more complex, forming compli-
cated chords,

This is clearly un=atisfactory

for ilﬂill:.'!lll.'ﬂl SPECISCOPY . Inar-
der to extract useful information
we mwst have the specirum —
ghil b6, deRsity as & fanction of
wivelength (or some relaled pa-
rameter such as wavenumberl.
The firat appeoach 1aken by a dis-
persive spectroscopis! would be
to s 4 bank of tuned amplifiers
to produce the spectrum. We
would have to supply one ampli-
fier tuned (o the frequency of
each chopper. The owtput of the
amplifier |peak-to-peak voltage )
would cormespond o the inlensity
af the spectrum at that fre-
quency, and because each (re-
queensy i proportional g the
wavelength of the light prodac-
amg it, we could plor these num-
bers and produce the spectrum,
This approach, hivwever,
would be far oo expensive —
and there 15 a better way. By al-
lowing a compuier to sione the sig-
nal from the detector we can use
a mathematical :ppmal.:h [
tract the amounts of each fre-
quency. The coumerpart of the
tuned-amplifier approach uses
digital filtering to process the
data owver and over sequentially,
extracting each paece of fre-
quency miormation, This also
is cxtremely ineffickent. The
meisl efficient approach discoy-
ered so far is bo wse o mathemat-
ical technigue known as the
Fourter transform o extract this
mformation. In essence, it per-
forms the same functien as the
bank of maned amplifiers: inex-
Erasts the frequency identites
and imensities in parallel.

PHASE CORRECTION
Let's retum to our dispersive
madel in Figure 3. An cven
e .u:-nhih'm r.nu:l:'mi:'lg
scheme would be to replice
the tuned amplifiers with bock-in
amplifiers. In this case each am-
plifier would process the signal
from the detector using a refer-
ence signal generated from s
chopper, which would allloas des-
crimination using frequency and
pilsase,

The role of phase in our disper-
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sive interferometer comes into
play because cach chopper may
nis have started spinaing at the
samé time, In interferometry this
can be cawsed by imperfections
in the beam splitter and electron-
ek, ar it can arise from the sam-
ple. The effiect that this phase
shift (that is, phase crror) has on
the recarded data 15 llustrated

an Figure 4, which shows what
happens when two fregquencies
are recorded slightly out of
phase, If both choppers in oar
example had started 3t the same
time, the frequencies would be
in phase and the surn seen by the
detector winild have symmelry.,
as ghown in (ah. However, if

the two choppers had started at
slightly different times, the sig-
nals would be slightly oul of
phase, & slown in (h), The sum-
malion recorded by (he detector
loses ils symmetry as a resul,
This loss of symmedry is the in-
dication that phase erroes afe pres-
ent in the interferogram.

In the muped-amplifier exam.
ple. this error would have no
mmeasursbde ofTact om the necwli-
ing specirum, Bud because the
Founer transform processes all
of the frequencies as a group, the
slight shift shaws up as “desiva-
tive-like™ feanmes in the spec-
tram (4. In order 10 @voad thas,
several mathematical procedures,
termed phese correciion, ane
wsed b fix these slight phase
shifts either befone or afber the
transformation.

FREE SPECTRAL RANGE
AND ALIASING -

Cmeé problem ehat will resualt
from our model is that if we
have o broadbamnd source. liter-
ally millions of different optical

GHE of the most

valuable advantages
regarding inter-
ferometry Is its
ability to provide
extremely high
resolution in
relatively compact
instrumentation.

wavelengths will be produced.
e can we |'.|'-:_u.:|||.-:.: :m'u.:lbl_h
choppers to encodes each at a
different frequency™ The answer
is that we can'i. The number of
choppers (unigue frequencies)
available from the imerfenoame-
ter is controlled by the 1otal dis-
tance that we allew the mirmor io
travel. IF it travels 2 om. we will
have twice as many available
choppers than if it only travels |
cmi. In efiher case, all of the wave-
lemgihs in the spectrum will be
ihatmbued equally across the
avalahle Irl:qu:r::i:h In ot
wonds, the resolution (iotal pum-
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her of frequencies produced in
thee spectrum) of the imerfenome-
sers is commbed by the distance
that the mirror 15 driven, In
theory, we can continee increns-
anig the number of choppers ad in-
fimitum to achieve any reselu-
tion. [n practice. one of the most
valuable advamtages of interfer-
omelry is iis ahility to provide ex-
mremily high resolution (3) in rela-
Brvely compact mstrumentation,
Wi still have one subtle point
kzft to make about this frequen-
cy encoding. The frequencies
produced by the inerferomener
begin @t 0 Hz and merease 1o
s maxamam value, How
div e know what this value is?
[t would seem that as we in-
crease the distance that the mir-
rof travels we would increase
this upper limic, bt this (s not
trie. The choppers will run from
0 Hz up b & max i that s de-
sermined by the shorfest wave-
length present in the spectram re-
gordless of mirror travel. The
imerferometer is capable of pro-
ducing a unbque frequency for
every frequency in the spectrum,
niy mikter how short the wave-
kengths are. However, this signal
malst b digitized by a computer
before it can be processed. This
introduces a general data-acgui-
sition problem called alfasing
and its related spectroscopic ¢om-
cept of free spectral mnge (6.
Aliasing. as the nams implies.
describes the process in which
a frequency shows up m the dagi-
tized interferogram with the
wrong wbentity, The frequen-
cy af which alinsing begins is the
upper limit of the free speciral
range, and any wavelengths
of light producing frequencies
above this limit will “fold” back
inte the spectrum ke an accor-
dhon, Thas process 15 condnol bed
by the rale at which the com-
puter reconds data froem the inter-
ferometer and has nothing po do
with how fiar the mirror iravels.
iln faet, the exact frequency of
the chapper in our example is con-
trodbed by the speed ot which
the mirror is driven back and
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Figare &. Effect of phase ar-
rars on an interferogram:
lal in phase — both chop-
pers start 8t the Same
tirme, and (bl out of phasa —
the choppars start at diffar-
Ent times

farth. If the mirror velocity is dou-
bled, then ihe frequencies of all
e choppers ane alse doubled.
This 15 why it 15 50 impariam
thaal the marror be drniven 3 & con-
stand velocity in an imterferome-
ier: All velecity errors show up
& ermors in ihe spectrum. ]

If the compuser reads data in
a1 & rate of 1000 He, then (he
fighest requency that will be re-
carded propery is S8 He, (This
is known as Myguist™s theorem. )
A frequency of 600 Hz will no
be recorded properly and, in
fact, will show ug in the digi-
tiped specirum as 00 Hz; that
1%, ¥l will aleat back on the SpC-
Erum by an amount equal fo ow
far it is located above the My-
guist frequency. The free spec-
tral range of the inerferometer in
this case would be 500 Hz. All
frequencies above this valee will
be recorded with the wrong iden-
tities, unless they arg removesd
by electronic filtering prior to
digitization. Aliasing is nid nec-
essarily bad because there is a




