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A Computer-Controlled Submillimeter Fourier
Spectrometer

JAGDISH K. VI anp PATRICK CORCORAN

Abstract—A system for a submillimeter wave Fourier transform
spectroscopy (FTS) has been automated for the measurement of the
power absorption coefficient of liquids in the wavenumber range 10-
400 cm~'. The interferometer is interfaced with a RM380Z Research
Machines microcomputer. Software and hardware have been devel-
oped to automate the process of collecting and storing the data. Some
points of relevance to the analysis of interferometric data are reviewed
including the use of phase modulation, the resolution of spectra com-
puted using the discrete Fourier transform, and the necessity of proper
optical filtering in spectrometers which use Fourier transform tech-
niques. Spectra measured using the FTS system described here have
been compared with results obtained recently using a tunable submil-
limeter laser and a good agreement is found between the two sets of
data.

I. INTRODUCTION

URING THE 1950’s Gebbie, Vanasse, and Strong

developed a Fourier transform spectrometer suitable
for measurements in the wavenumber range 0-100 cm ™!
[1], [2]. The spectrometer utilizes the Michelson interfer-
ometer whereby the interference of electromagnetic radia-
tion from an incoherent broad-band source is produced by
superposition of two wave trains obtained by a beam split-
ter. The optical parts of the spectrometer are in modular
form and can be assembled to any convenient geometrical
configuration. The electronic system initially available
consisted of electrical switches and relays with the sam-
pled interferogram being produced on a punched tape.
This was later fed to a mainframe computer which carried
out the Fourier transformation and the other computation
required to produce spectra. The spectrometer was man-
ufactured by Grubb-Parsons Ltd. based on a design from
the N.P.L., U.K. and was used unaltered in many re-
search laboratories until the early 1980’s. We have inter-
faced the interferometer with an RM380Z Research Ma-
chines microcomputer (RMC). The microcomputer now
controls the spectrometer and stores the digitally recorded
interferogram on a floppy disk. The sampled interfero-
gram is then passed on to a microcomputer where the Fou-
rier transformation and other computation is carried out
to produce on-line transmission and absorption spectra of
the material under investigation.
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Fig. 1. Schematic diagram of a two-beam interferometer.

II. PRINCIPLES OF THE OPTICAL SYSTEM

With reference to Fig. 1, the partial beam of light trav-
els along a path greater than that traversed by the beam
XBY by a distance of x (0 < x < o) where x/2 is the
difference in the distance of two mirrors from the beam
divider. We initially assume monochromatic radiation of
wavelength A. The optical path difference between the two
beams gives rise to a relative phase difference of 2mx /N
radians or 27¥x, where ¥ = 1/\. If the source power lies
in the range ¥ to 7 + dv, the power at the detector I(x)
is

I(x) = B(¥) dv + B(¥) cos (27vx) dv (1)

assuming that the two partial beams are equal in intensity
and each has a spectral intensity 3B (%) d7 in the previ-
ously defined range [3]. A broad-band source produces
incoherent radiation composed of a chaotic assembly of
wave trains of random length and phase. Interference is
produced by the recombination of the individual wavelets
after reflection from the surfaces of the interferometer
mirrors. The detected power is

I(x) = So B(v)dv + So B(%) cos (2avx) dv. (2)

Let

b(x) = I(x) — 1I1(0) = S B(%) cos (27wx) dv (3)
0

making use of the fact that at x = 0 all the components
are in phase and consequently 1(0) = 2 [§° B(¥) dv from
(2). The function b(x) is called the interferogram and is
the variable part of the detected interference function.
1(0) is the steady ‘‘background’’ or average value. The
function B(7) is the Fourier cosine transform and thus
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B(v) = So b(x) cos (27¥x) dx. (4)
Although B(7) is not directly accessible it may be derived
by Fourier transformation of b (x) which is a measurable
quantity.

The above treatment deals with unmodulated radiation.
In practice it is usual to modulate the light beam from the
source to improve the signal-to-noise ratio of the detected
signal. Modulation is also necessary if the detector is a
Golay thermal detector which does not respond to steady,
unmodulated radiation. Amplitude modulation (AM) is
achieved by means of a rotating chopper which periodi-
cally interrupts the beam from the source. An AM inter-
ferogram is symmetrical about the zero path-difference
position (ZPD) and a Fourier cosine transform is still ap-
propriate for deriving the required spectral information.
An alternative method of modulation is phase modulation
(PM) [4] where the fixed mirror of the interferometer is
““jittered’’ back and forth about a mean position with its
surface kept perpendicular to the axis. In the case of PM
the signal measured is that which depends on the phase
difference 27vx. The average dc signal and electrical noise
are not included leading to a considerable enhancement of
the signal-to-noise ratio of the system. Since there is no
“‘chopping’’ of the radiation, the PM technique makes full
use of the power available from the source. A phase mod-
ulated interferogram is antisymmetric about the ZPD po-
sition. It can be shown [4] that if the modulating signal is
cosinusoidal

b(x) = S B(¥)J,(27va) sin (27vx) dv  (5)
0

where J, is a Bessel function of the first order and a is the

amplitude of the modulation in terms of optical path dif-

ference. In this case, a Fourier sine transform is required

to recover spectral information from the interferogram.

III. SysTEM HARDWARE

A block diagram of the system is shown in Fig. 2. The
source in the cube used is a Philips medium pressure mer-
cury lamp, type HPK 125W, which generates broad-band
submillimeter radiation by thermal emission from its
quartz envelope. The fixed mirror of the interferometer
(M2) is mounted on a diaphragm which may be con-
nected to an oscillator to phase modulate the detected sig-
nal. The moveable mirror (M 1) is mounted on a microm-
eter which is driven by a stepper motor. A thin stretched
dielectric film (polyethylene or melinex) is used as the
beam divider (BD). The detector is a low-noise Golay in-
frared detector, type IR50. The detector is fitted with a
diamond window which allows measurements to be made
up to about 400 cm~'. The output from the detector is fed
to a phase sensitive amplifier (ORTEC-Brookdeal 9501).
This is a lock-in amplifier [5] with a broad-band fre-
quency range of 0.5 Hz-150 kHz and a resolution of 10
wV. The stepper motor, Evershed hybrid stepping motor
(type FDS/4/A51), which drives the movable mirror of
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Fig. 2. Block diagram of automated interferometric spectrometer system.

the interferometer is connected to the RMC parallel input/
output (PIO) board via a Digiplan SD2 bipolar driver cir-
cuit. :

It was found that the recommended 24-V supply voltage
across the motor windings created strong magnetic fields
which caused electromagnetic induction in the coil driv-
ing the diaphragm on which the fixed mirror, M2, is
mounted. Due to this, spurious signals were generated on
the reference input to the lock-in amplifier. This inter-
fered with the functioning of the amplifier which requires
a ‘‘clean,”” unambiguous reference signal for proper lock-
in detection. The problem was overcome by reducing the
motor supply voltage to 4 V, thus reducing the magnetic
fields generated in the motor windings. To step the motor
an input pulse is applied to the driver unit. Stepping oc-
curs on the rising edge of a pulse which has been low for
at least 10 ps. One complete revolution of the motor re-
quires 200 steps and this corresponds to a mirror travel of
0.5 mm. Thus one motor step produces a mirror displace-
ment of 2.5 um.

The digital voltmeter (DVM) is constructed around an
RS7138 [6], which is an analog-to-digital (A /D) con-
version chip operating on the principal of dual-slope con-
version [5]. It provides a 4 digit binary-coded decimal
(BCD) output. The RS7138 is clocked at 160 kHz and the
clocking signal is derived from a CMOS 7555 timer chip
[6]. An A /D conversion is initiated by a high signal of
duration greater than 300 ns on the ‘‘start conversion’’
(SC) input of the unit. The conversion time is 250 ms and
upon completion the 3 least significant bytes are latched
using TTL 744175 quad latches, where they can be ac-
cessed by the RMC. The DVM has an ‘‘end-of-convert”’
(EOC) output which is low when the unit is idle. During
the conversion, the EOC line goes high and returns to the
low state when the conversion is complete. During the
recording of an interferogram the RMC monitors this line
to ensure that a conversion has been completed before data
is read in from the quad latches.

The RMC mini-disk system is used to automate the col-
lection of the interferometric data. The disk controller
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Fig. 3. Timing diagrams showing trigger signals to DVM and stepper mo-
tor. Arrows on waveforms indicate edges on which triggering dccurs.

board also features a serial interface port which can drive
an RS232 interface. We used this to transfer the data col-
lected by the RMC to a VAX 11/730 minicomputer for
processing. A separate PIO board allows the transfer of
data between the RMC and any peripheral device con-
nected to it—in this case the stepper motor and the DVM.
Two Z80 PIO chips are used in our system—one for the
output and monitoring of control signals and the other for
reading in digitized data from the DVM.

A Z80 counter/timer circuit (CTC) chip is used to pro-
vide a continuous train of pulses for triggering the stepper
motor and the DVM. The pulsewidth which is controlled
by the software is approximately 250 ns for a system
driven by a 4-MHz clock. Such pulses are too short to
trigger either the motor driver unit or the DVM. The pulse
train is modified by connecting it to the clock input of a
JK-flip-flop wired up in ‘‘toggle’’ mode (J = K = “‘1”").
The CTC is programmed to emit pulses at the rate of one
per second, giving rise to a 0.5-Hz square wave at the
flip-flop output. The DVM and stepper motor are trig-
gered in antiphase (see timing diagram Fig. 3) using the
Q and Q outputs of the flip-flop.. Assuming that the time
required to step the motor is negligible, the Golay detec-
tor has 1 s to stabilize before the DVM is triggered and
data capture takes place. This arrangement appears quite
adequate, since there was no discernible improvement in
the results obtained with the CTC programmed to allow
the Golay 2 s to stabilize. An alternative triggering ar-
rangement using a sample-and-hold circuit (SHC) to cap-
ture data from the DVM and a monostable delay circuit
to subsequently step the motor allowed data to be captured
at a somewhat faster rate. However, the introduction of
the SHC increased the level of noise present in the digi-
tized data. When no SHC is used the integrating action of
the dual-slope converter [5] tends to average out any noise
present at the DVM input.

IV. SysTeM CONTROL SOFTWARE
The program sets up the PIO’s and the CTC by writing
control words to the relevant registers. It also establishes
a link with the VAX via the serial interface port and
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prompts the user to create a VAX file where the data can
be stored. It then enables the CTC to start triggering the
DVM and the motor, and then proceeds to record the re-
quired interferometric data. A similar program has been
developed which allows local storage of data on one of
the RMC discs. The data may be transferred to the VAX
for processing at a later stage.

V. PROCESSING THE INTERFEROMETRIC DATA
A. Use of the Complex Fourier Transform

Where an interferogram is perfectly symmetrical or an-
tisymmetrical about the ZPD position it is, in principle,
possible to record the interferogram over a range of path
differences from zero to some maximum displacement D
and to apply the appropriate transform—a cosine trans-
form in the case of a symmetric (AM) interferogram and
a sine transform in the case of an antisymmetric (PM)
interferogram. Note that the upper limits of the integrals
in (4) and (5) will be replaced by the finite value D. Due
to the difficulty of ensuring that sampling occurs at ex-
actly ZPD, and also because of imperfections in the op-
tical components, perfect symmetry (or antisymmetry) is
rarely obtainable in practice [9]. For this reason it is more
usual to record a ‘‘two-sided interferogram’ over the
range —D-+ D about the ZPD and to apply a full complex
Fourier transform to the data. This will produce the result

R(v) = P(3) +iQ(¥) (6)
where P(7) is the real (cosine) and Q(7) the imaginary
(sine) component. An antisymmetric PM interferogram
should have Q(7) as the dominant component and with
perfect antisymmetry P (7) should vanish completely. Use
of the complex transform eliminates spectral distortion due
to lack of alignment and other optical flaws as well as
overcoming the ZPD offset problem mentioned above.
The spectral intensity of the detected radiation is

5() = [P*() + @° ()] (7)
The function computed from a PM interferogram is ac-
tually of the form B(¥) J,(2w«va) where B(7) is the true
spectral intensity of the source as may be seen from (5).
The Bessel function which arises as a side-effect of phase
modulation will have a windowing effect on the profile of
transmission spectra [4] but will not cause any problems
as long as the amplitude of the modulation is sufficiently
low to ensure that the maximum frequency of interest lies
within the range determined by the first zero of J,. Cutoff
occurs at a wavenumber given by v, = 0.61/a where a
is the amplitude of the modulation in terms of optical path
difference. The presence of J; will not affect the profile
of an absorption spectrum since this is calculated from the
ratio of two transmission spectra and the Bessel functions
will cancel, being equal in both cases.

B. The Discrete Fourier Transform (DFT)

For the purpose of calculating the Fourier transform of
the sampled interferogram we replace the continuous in-
tegral by a discrete summation over 2N values of sampled
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data. Thus
D
R(7) = S 5 b(x) exp (2wivx) dx (8)
becomes
N-1
R(7) = Ax I_Z_JN F(x;) exp (2miv x)) (9)

or, more conveniently, from the properties of the DFT [7]

N-1
R(%) = &x ZN F(x) exp (27ivx)  (10)
where k and / are integers lying in the range 0-2N — 1.
The variables A7 and Ax represent, respectively, the
spacing of the frequency abscissas (in wavenumbers) and
the increment in optical path difference.

In general, programs which compute the DFT of a se-
quence of values employ a special algorithm—fast Fourier
transform (FFT) which significantly reduces computation
time. The summation of (10) is calculated without the
scaling factor, Ax, which may be subsequently inserted
by the user if required. We make use of an FFT program
developed by Singleton [8]. A DFT operation performed
on a set of 2N real data points can be used to generate 2N
points in the frequency domain. However, only the first
N + 1 points yield useful information. The remaining
points are complex conjugates of the first set correspond-
ing to negative frequencies and have no physical signifi-
cance. Thus if we have an interferogram with 2N data
points and a spatial sampling interval of Ax corresponding
to each increment of optical path difference, we can ob-
tain spectral information at N + 1 points. The sampling
theorem [9] defines the maximum wavenumber at which
we can obtain information as v, = 1/2 Ax. The range
0 to ¥« is subdivided into N equal intervals and the spac-
ing of abscissas in the frequency (wavenumber) domain
is

B 1
¥ T INAx

(11)

For our system Ax is 5.0 um or twice the mirror displace-
ment produced by a single motor step. Spectral informa-
tion may be obtained up to 1000 cm~'. In practice, the
useful spectral range is limited to a wavenumber below
this value. The cutoff wavenumber will depend on the
beam divider thickness [10], the material used in the win-
dows of the cell holding the sample under investigation,
and the frequency response characteristic of the detector.

C. Apodization and Spectral Resolution

The DFT is performed on a discrete set of values. An
analysis of the effects of this truncation [10] shows that it
produces unwanted subsidiary maxima accompanying real
spectral features. The subsidiary maxima can be smoothed
out by using a mathematical technique known as apodi-
zation which makes use of a windowing function to re-
duce the abruptness of truncation at the end points of the

interferogram. Apodization results in a certain loss of
spectral resolution but produces a smoother spectral pro-
file. It can be shown [4] that the actual resolution avail-
able from an apodized interferogram is

A%, = 0.9/D (12)

where D is the maximum optical path difference intro-
duced in recording the interferogram. Since D = NAx, it
follows from (11) and (12) that Ay, = 2Ap where Av is
the actual spacing of spectral information produced by the
DFT. Features in the apodized spectrum must be sepa-
rated by at least twice this interval A7 if they are to be
recognized as distinct. The overall improvement in the
smoothness of the spectrum is generally considered to be
adequate compensation for the effective halving of reso-
lution which it produces. Increased resolution, where re-
quired, is generally obtained by increasing the range over
which the interferogram is recorded rather than by dis-
pensing with apodization.

Since the far infrared (FIR) absorption features of polar
liquids which we study are broad band, a resolution of 4
cm™' is usually adequate. For this resolution we require
a 1000 point interferogram. Collection of 1000 data points
corresponds to a mirror travel of 0.125 cm, on either side
of the ZPD position. This introduces a maximum optical
path difference of 0.25 cm. From (12) A, = 3.6 cm™!
which on rounding off gives a resolution of 4 cm ™",

D. Necessity for Proper Band Limiting of the Detected
Signal

In studies of the FIR absorption spectrum of liquid ace-
tonitrile, Evans [11] observed and reported fine spectral
details particularly in the 30-120 cm™' region. These ob-
servations were made using an experimental system sim-
ilar to the one described in this paper. The observed fea-
tures still remained after improvements had been made in
the stability and accuracy of the system and seemed to be
present in most liquids. The repeatability of these obser-
vations strongly suggested that the FIR absorption spectra
of the liquids studied were not broad band and featureless
as previously supposed. Some researchers in this area
were convinced that a new phenomenon of local order in
liquids had been observed [12].

In response to a paper on this subject reported at a con-
ference, Genzel [13] proposed that the observed spectral
details were not genuine and had their origins in the
‘‘aliasing’’ effect of the DFT. He suggested that absorp-
tion features at near infrared frequencies were being su-
perimposed onto the FIR because the detected signal was
not properly band limited. A formal treatment of the
aliasing phenomenon based on discussions with Scaife
[14] is presented here to show the necessity of using a
filter to remove unwanted near infrared radiation.

We start by considering a continuous analog signal b (x)
and its spectrum B (%) obtained by Fourier transformation

B(7) = s_m b(x) exp (2wiv) dx. (13)
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Fig. 4. The spectrum of a sampled signal is an infinite set of spectral
aliases: (a) Signal not band limited—aliases overlap. (b) Band-limited

signal—no alias overlap.

Here b(x) corresponds to an infinite two-sided interfero-
gram. If we sample b(x) at intervals of Ax we produce a
new ‘‘digitized’’ signal b, (x) which may be written as the
product of the original analog signal and a sampling func-
tion which we represent as an infinite series of delta func-
tions

by(x) = k‘Z b(x)8(x — kAx). (14)
The sampling function is a periodic function of period Ax
and may be expressed as the Fourier series

+00 +oo
~2rikx
sz Ckcxp< 2mi
(15)

. 2 8(x — kAx) =
W¢e can evaluate the coefficients of this expansion by in-
tegration [15] to give C, = 1/Ax. Hence,
) o

1 + oo 2 N
k_Z b(x) exp<— mikx

Ax x
We now turn our attention to B(7), the spectrum of the
sampled signal which we may evaluate by means of Fou-
rier transformation as in (14)

bi(x) =

+ o

B,(¥) = ZAl—x S_m k:E_Jm b(x) exp <—27A”fx> exp (2mivx)
(17)

B,(v) = i S_: k=2°_°w b(x) exp [2mix(¥ — kv,)] dx
(18)

where we define a ‘‘sampling frequency’” 7, = 1/Ax. In-
terchanging the order of summation and integration gives

B,(v) = T S_w b(x) exp [2mix(¥ — kv,)] dx
(19)
B() = BB - k). (20)

The spectrum of the sampled signal is actually an infinite
series. Each term in the series is the spectrum of the orig-
inal signal scaled by a factor of 1/Ax and centered about
an integral multiple of the sampling frequency, 7,. The
sampling process gives rise to an infinite series of spectral
‘‘aliases.”’ If the spectrum of the analog signal extends
beyond the critical value of v,/2 then at any frequency
the value of B,(7) will be the sum of contributions from
all the spectral aliases. In such a case it will not be pos-
sible to recover the true spectrum of the analog signal by
Fourier transformation of its digitized version. Spurious
information arising from the overlap of the aliased spectra
will be introduced into the calculated spectrum. To avoid
this situation it is necessary that the signal to be sampled
contains no spectral components at frequencies higher than
¥,/2. This is essentially a restatement of the sampling
theorem referred to previously. The above condition can
be satisfied if a suitable filter is used to limit the band-
width of the sampled signal. The phenomenon of aliasing
is illustrated in Fig. 4. The upper diagram shows the over-
lap which arises when a spectrum is not bandlimited in
accordance with the sampling theorem. The lower dia-
gram shows the elimination of alias overlap by appropri-
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Fig. 5. Absorption spectra of dischloromethane using automated interfer-
ometric system. Laser points A.

ate bandlimiting. In our system, we use a thin layer of
black polyethylene in front of the detector window to ex-
clude near infrared, and hence, avoid the problems asso-
ciated with aliasing.

VI. DATA PROCESSING SOFTWARE

The processing of the interferometric data is carried out
on a VAX 11/730 minicomputer using a Fortran 77 pro-
gram written for this purpose. Each recorded interfero-
gram is scanned to locate the midpoint or ZPD ordinate.
2N data values are then selected about the midpoint. The
value of N depends on the resolution required and for
4-cm™! resolution N = 500. The data is prepared for the
FFT routine by sorting into two arrays 4 and B each of
dimension N, with even-numbered ordinates stored in A
and odd-numbered ordinates stored in B. Half the mean
value of the data is subtracted from each ordinate to ob-
tain b(x) as per (3). An apodizing function of the form
C* sin® (D * I') is applied to each ordinate where C =
1/8 N, D = = /2N, and [ is an indexing variable in the
range O - - + 2N. The program performs the subtraction
and apodization operations as it is sorting the data. The
2N data points are presented to the FFT routine as a set
of N complex values thereby making efficient use of a
complex transform of dimension N. The FFT routine is
called followed by a companion routine REALT which
unscrambles the output of the FFT [8] and produces a se-
quence of values which is the complex transform of the
original 2N real data values. The power spectrum is then
calculated at each wavenumber 7 as

() = [4() + B 5]~ (21)

Calculation of the absorption spectrum of a specimen in-
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volves computing the ratio of two transmission spectra
recorded at different path lengths of the specimen. The
Beer—Lambert law relates incident power, transmitted
power, and specimen path length using the power absorp-
tion coefficient, A(»):

$(7) = So(7) exp [~ A(?) d] (22)

where S(7) is the transmitted power, Sy(7) the incident
power, and d the specimen thickness. If S, (¥) is the spec-
trum recorded with an amplifier gain G, for a specimen
thickness d, and S,(7) is the spectrum recorded with an
amplifier gain G, for a specimen thickness d,, we can
write

A(B) =(d, — d) W [($(3)/%(F) *G] (23)

where G = G,/G,. The parameters used by the program
to calculate absorption spectra i.e., the spectra to be ra-
tioed, the relevant gain figures, and the path difference
are read from a file set up by the user.

VII. EXPERIMENTAL RESULTS

The absorption spectra obtained using an FTS system
may be compared with measurements made at discrete
wavenumbers using a FIR laser. This serves as a useful
check of the reliability of the interferometric system. We
carried out measurements on two commonly studied polar
liquids chloromethane (CH,Cl,) and methyl iodide
( CH;I) using our FTS system. A 100 gauge melinex beam
splitter was used to cover the range 20-125 cm™'. For
wavenumbers above 125 cm™' a 12.5 um polyethylene
beam splitter was used. The absorption spectrum of
CH,Cl, is shown in Fig. 5 and some values of the ab-
sorption coefficient which have been measured recently
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[16] using a tunable FIR molecular laser system are su-
perimposed on the interferometric spectrum. The laser
system [17] produces coherent submillimeter radiation by
optical pumping of methanol or methyl iodide vapor using
a CO, laser as a primary power source. We have found
that there is agreement between the two experimental
methods to within about 2 percent.

VIII. CONCLUSIONS

An NPL-Grubb-Parsons modular cube interferometer
has been automated to produce absorption spectra of lig-
uids in the wavenumber range 10-400 cm™'. The optical
system of the interferometer is very simple, using only
one TPX lens in front of the detector to focus the broad-
band submillimeter radiation. More sophisticated com-
mercial interferometers usually include more elaborate
optical systems for collimating and focusing the radiation.
Although our system lacks the complexity of such appa-
ratus, it can produce results which compare favorably with
those from a submillimeter laser system. The advantage
of an interferometer over a laser for spectroscopic work
is that it can rapidly produce a high resolution spectrum
over a wide wavenumber range once the necessary inter-
ferometric data is available. Working with a 4-cm™! res-
olution on our system, it requires about 35 min to collect
the data for each transmission spectrum. A laser can only
be used to make measurements at discrete wavenumbers.
To be of use in spectroscopic work it should be tunable
over a wide spectral range. Laser systems are of great
importance in the study of liquids which absorb heavily
in the FIR (e.g., water) [17]. In the case of heavily ab-
sorbing liquids the relative weakness of broad-band
sources necessitates the use of very thin specimen path
lengths. The difficulty of accurately estimating the path
length makes the calculated values of the absorption index
rather unreliable. Laser systems can produce results su-
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perior to those obtainable with conventional FTS in such
cases.
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