
Source of a problem with Fourier transform spectroscopy

D. B. Tanner and R. P. McCall

Thermal radiation from sample and detector can affect internally modulated Michelson interferometers (for
example, rapid scanning, phase-modulated, or internally chopped) and cause serious systematic errors in
the spectra measured by these instruments.

1. Introduction

In this paper we discuss an intrinsic problem with
internally modulated1 interferometers, for example,
rapid-scanning Michelson interferometers,2-9 which
are commonly used in the mid-IR, and phase-modu-
lated1' 1 0-16 or internally chopped 1 7 -19 Michelson in-
terferometers, which are frequently employed in the far
IR. We show that radiation entering the interferometer
from the detector port contributes to the interferogram
measured by the detector and causes a systematic error
in the spectrum. This error can also occur in ampli-
tude-modulated interferometers which put the chopper
in the output port.20' 21

I. Internally Modulated Interferometers

A. Rapid-Scanning Interferometer

Rapid-scanning interferometers2 -9 that cover the
mid- IR (400-4000 cm-1 ) are produced by a number of
manufacturers, for example, Analect, Bomem, Digilab,
IBM, and Nicolet. These instruments are generally
superior to grating or prism spectrophotometers for
routine IR spectroscopy. A schematic diagram of this
type of instrument is shown in Fig. 1. It consists of a
lamp, a Michelson interferometer, a place to insert a
sample, a detector, an audio frequency amplifier, a fast
analog-to-digital converter, and a minicomputer to store
the data and calculate the Fourier transform. In op-
eration, the movable mirror is scanned at a constant
velocity v making the optical path difference x = 2vt.
The velocity is held constant by a servo loop typically
involving a laser interferometer. The laser interference
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fringes are also used to clock the analog-to-digital con-
verter and in some cases to maintain alignment of the
interferometer.

The conventional analysis
2 2

-
2 4 of the electromagnetic

radiation traveling through the interferometer yields
for the intensity reaching the detector:

I(x) = /2 f EbSL(w)d. + 1/2 X EbSL(W) COS () dw, (1)

where SL (c) is the intensity emitted by the lamp at
angular frequency (as modified by transmission
through or reflection by filters, windows, mirrors,
samples, etc.) and Eb is the beam splitter efficiency: Eb
= 4Rb Tb, with Rb the reflectance and Tb the transmit-
tance of the beam splitter at frequency c. Note that in
writing Eq. (1) we have neglected such complications
as phase errors, finite maximum path difference, and
the requirements of interferogram sampling. The first
term on the right of Eq. (1) is the dc level or average
value of the interferogram intensity; from now on we will
denote it by In. The rapid-scanning interferometer
automatically suppresses this dc level because the de-
tector is ac coupled to the amplifier.

The second term on the right of Eq. (1) is the inter-
ferogram; in the present example it is the cosine Fourier
transform of the spectrum. An inverse Fourier trans-
form of the interferogram gives the spectrum

EbSL(V) = FT[I(x) - I-] -- Jf dx[I(x) - I-] exp(-iwx/c).

(2)

Here we have written the transform as a complex Fou-
rier transform, because that is what the FFT routine
usually calculates. Because the interferogram is sym-
metric about x = 0, the imaginary part is zero.

In the rapid-scanning interferometer, Fourier com-
ponents of the light at angular frequency w give a de-
tector signal at audio frequency f = wvbrc. (Our Di-
gilab spectrometer reduces 1000 cm-1 to -300 Hz.) A
wideband audio amplifier is used, e.g., 100-1250 Hz, to
amplify the entire spectrum; sampling occurs at a 5-kHz
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rate. A high SNR is achieved by repetitively scanning
the interferometer mirror and coherently adding
(coadding) the digitized points.3 4 23 24 In comparison
to the step-and-integrate method of Fourier spectros-
copy, the rapid-scanning technique has three advan-
tages: (1) it is less affected by lamp intensity or de-
tector sensitivity drifts; (2) it suppresses the average
value of the interferogram; and (3) it uses a simple and
relatively inexpensive mirror drive mechanism.

B. Phase-Modulated Interferometer

Phase modulation"l10-' 6 has been used in a number
of far-IR instruments, particularly those based on the
cube interferometer.25 In these, the mirror in the fixed
arm is jittered a small amount back and forth, and the
detector output is phase-sensitive detected at the jitter
frequency. The other mirror is slowly scanned in a
stepwise fashion; at each step the detector signal is in-
tegrated to give an interferogram point.

The effect of the jitter in the fixed arm is to take the
derivative with respect to the path difference of the
intensity leaving the interferometer. A complete
analysisl shows that the detector signal is the sine in-
stead of the cosine transform of the lamp intensity:

I(X) = 5 EbSL(W) sin (-) dw, (3)

where x is the optical path difference and E is the
product of Eb and the phase-modulation efficiency
factor.' 0 This form of modulation automatically sup-
presses the average value (I-) term of the interferogram,
giving it the advantage (compared with amplitude
modulation of the source) of being less sensitive to
source intensity or detector sensitivity drifts.

C. Internally Chopped Interferometer

In at least three far-IR instruments,' 7-' 9 a chopper
has been located in one of the interferometer arms.
Placing the chopper in this location causes the intensity
leaving the interferometer to alternate between path
difference x and infinite path difference so that the
average value of the interferogram is again suppressed.
(We note that the interferometers of Refs. 17 and 18
have both been modified2 6 27 so that the chopper is lo-
cated at the source.)

D. Anti-interferogram

Each of the three cases discussed above is an inter-
nally modulated interferometer, because the modula-
tion to which the detector amplifier responds occurs in
one of the active arms of the interferometer. The main
point of this paper is that this internal modulation
makes the interferometer insensitive to the source of the
radiation. To see this effect, first consider in Fig. 1 the
intensity returned toward the lamp. This quantity is

I'(X) g 5(Rb + Tb)SL(O) - 1/2 3 EbSL(C) cos Cx do.

(4)

The first term of Eq. (4) is an average or dc value, while
the second is an inverted interferogram or anti-inter-

.x/2

V

D

x

Fig. 1. Schematic diagram of a rapid-scanning Michelson interfer-
ometer. The optical components are the lamp L, beam splitter b,
moving mirror Ml, fixed mirror M2, and detector D. The detector
signal is ac coupled to an audio frequency amplifier, digitized, and
stored by a computer. The moving mirror moves at constant velocity
v so that the optical path difference x varies linearly with time.
Typically the interferometer is scanned repetitively, as indicated at
the bottom of the figure, and the signals at each x value are

averaged.

ferogram. Note that for a perfect beam splitter (for
which Eb = 1 and Rb = b = 1/2), I'(0) = 0. Clearly,
from energy conservation,

I(x) + I'(x) = | (1 - Ab)2SL(w)dw, (5)

where Ab = 1 - Rb - Tb is the absorption by the beam
splitter.

A comparison of Eqs. (1) and (4) shows that the Mi-
chelson interferometer is a device that switches energy
between the detector and lamp ports; when there is a
bright fringe at one port there is a dark fringe in the
other and vice versa.2 8 -3 0

Ill. Radiation Flux in the Interferometer

If the lamp is a thermal source, its spectrum is close
to that of a blackbody:

S(CO) 2h o)3 exp(-hw/kT)
7rC2 1 - exp(-hc/kT) (6)

where T = TL, the temperature of the lamp. This
spectrum is plotted in, Fig. 2 for three values of tem-
perature. Note that for frequency v = w/27rc in cm-'
and T in kelvin, the spectra have maxima at P 2T and
significant intensity (relative to the maximum) up to v
- 5T. The limiting values for the blackbody spectrum
are

(7)

Any interferometer possesses at least two sources,
because the detector emits thermal radiation just as
does the lamp. Consider the situation shown in Fig. 3.
Light emitted by the lamp is modulated by the inter-
ferometer and reaches the detector as an interferogram,
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Fig. 2. Blackbody emission spectra (on an artitrary scale) vs fre-
quency. These spectra were calculated for a constant frequency

resolution of 1 cm- 1 .
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Fig. 3. Interferometer schematic showing paths taken by light from
the lamp (solid line) and detector (dashed line). Both sources con-
tribute to the detector signal in an internally modulated

interferometer.

as in Eq. (1). Light emitted by the detector is modu-
lated by the interferometer and returns to the detector
as an anti-interferogram, as in Eq. (4). For simplicity
we assume that Eb = 1 and that the lamp is a thermal
source with emissivity eL = 1, while the detector is a
perfect receiver with absorptivity aD = 1 (and hence eD

= 1). Thus both the lamp and detector emit blackbody
spectra SL and SD characterized by their respective
temperatures TL and TD. The total intensity reaching
the detector is the sum of the two interferograms, or

I(X) = IL" + IDQ + f [SL(W) - SD(CO)] cos () dw, (8)

where IL_ and IIC are dc levels.
Equation (8) is a key result of this paper. For ex-

ample, intuition suggests that if an experimenter ne-
glects to turn the source lamp, no signal will be detected.
Intuition is correct, however, only so long as a room-
temperature detector is used. A rapid-scanning in-
terferometer that uses a cooled detector can give per-
fectly reasonable spectra when the lamp is off.

The inverse transform of the interferogram of Eq.
(8).

L

' I :
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Fig. 4. Interferometer schematic showing a setup for measuring
reflectance. The paths taken by light from the lamp, detector, and
sample are shown, respectively, by solid, dashed, and dotted lines.

FT[I(x)-I ] = SL -SD

gives the difference between the two spectra.
(9)

IV. Effect of Sample

The introduction of a sample in either the source port
or detector port of the interferometer affects the signal
both by reducing the intensity due to the lamp and de-
tector and by being a thermal radiation source. We
consider several examples.

A. Reflection Sample

The simplest case is that of an opaque reflection
sample. Figure 4 shows a schematic diagram of the
typical experimental arrangement with the sample lo-
cated between the interferometer and detector. The
sample has reflectance R (w) and is opaque; thus its
emissivity is e = 1 -R (w). There are three sources of
radiation now: the lamp at temperature TL and emit-
ting a spectrum SL (w); the detector at temperature TD
and emitting SD (c); and the reflection sample at tem-
perature TR and emitting eSR (w). The light from the
lamp is modulated by the interferometer, reflects off the
sample, and reaches the detector. The light from the
detector is reflected by the sample, is modulated by the
interferometer, reflects again from the sample, and re-
turns to the detector. The light from the sample is
modulated by the interferometer, is reflected from the
sample, and reaches the detector. When these three
contributions are combined, the intensity reaching the
detector is

I(X) = IQ + 1/2 3- [RSL() - R2SD() - eRSR(] cos (- d,

(10)

where IO is the total dc level. The inverse transform
is conveniently written as

FT[I(x) - I] = R[SL - RSD + (1 - R)(SD - SR)], (11)

were we have used e = 1 - R.
A reflectance measurement is made by taking the

ratio of sample spectrum, given by Eq. (11), to a back-
ground spectrum (measured by replacing the sample
with a mirror having R 1), Eq. (9). This ratio is
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Fig. 5. Ratio of the spectrum obtained with reflectance sample to
the background spectrum for the case of a cooled detector and a room
temperature sample. The ratio differs from the reflectance below

the 600-cm-1 blackbody emission peak.
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Fig. 6. Interferometer schematic showing transmission setup.
Radiation from the source, detector, sample, and the ambient sur-
roundings are shown, respectively, by solid, dashed, dotted, and

dashed-dotted lines.

ratio = R + R(- R) S (12)

If TD = TR, then ratio = R and the measurement is
accurate; otherwise it may be in error. As an example
suppose TD << TR < TL. Then using Eq. (7) for the
limiting values of a blackbody spectrum,

R - R(- R) TR ho << kTR,
ratio = TL

R hw >> kTR.

Suppose R = 0.66, TL = 1000 K, and TR = 300 K. Then
at low frequencies, ratio 0.6, a 10% error! Worse, as
shown in Fig. 5, which is an evaluation of Eq. (12) for the
above parameters, spurious structure is introduced into
the ratio at frequencies near the blackbody peak for the
sample. Errors that are similar in size but with the
opposite sign occur if TD 300 K while TR << TD.

B. Transmission Sample

The case of transmission sample is slightly more
complicated because the sample will reflect light as well
as transmit it. Its emissivity is thus e = 1 - R - ,
where R is the reflectance and r is the transmittance of
the sample. If the reflected light reenters the inter-
ferometer, an error first noted by Jongbloets et al. 3' can
occur. Briefly, light from the source which is modu-
lated by the interferometer, reflected from the sample
back into the interferometer, modulated a second time
by the interferometer, and then transmitted through
the sample to the detector will contribute to the inter-
ferogram as cos[(w2x)/c] even though the actual phase
should be (x)/c. This light then appears to be at twice
its actual frequency when the inverse transform is cal-
culated, so that harmonics of the actual frequency are
generated. Note that this error is independent of
whether this modulation is internal (rapid scanning or
phase modulation) or external (amplitude modulation
of the source).

We will assume here that the sample reflects ambient
light from the spectrometer into the interferometer, as
shown in Fig. 6. There are thus four sources here: the
lamp; the detector; the sample; and the ambient sur-
roundings. By analysis similar to the previous cases,

FT[I(x) - I] = T(SL - SD - RSA - eST), (13)

where ST is a blackbody spectrum for the temperature
of the transmission sample and SA is a blackbody
spectrum characteristic of the ambient temperature;
presumably TA = 300 K.

Equation (13) may be rewritten

FT[I(x) - I] = [SL - SD + (1 - )(SD - ST) + R(ST - SA)I-

(14)

The ratio of the spectrum of the background spectrum
is

SD ST ST -SAratio = + (1- ) + R S (15)
SL -SD SL-SD

As an example, suppose r = 0.4, R = 0.05, TL = 1000
K, TA = 300 K, TD = 300 K, and the sample tempera-
ture T = 4.2 K. With these parameters Eq. (15) is
approximately

,r + r~l -) -TD hw <<kTD,
ratio = ( ) TL - TD

hw >> kTD,

or 0.48 at low frequencies, 0.4 at high frequencies. The
error is -20%, and again spurious structure is intro-
duced into the spectrum near the room temperature
blackbody peak.
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Fig. 7. Solid line gives the spectrum measured when the source lamp
is turned off, and a cooled (to 6 K) transmission sample is used. Beam
splitter absorption causes zero intensity below 500 cm-'; otherwise
the spectrum is close to that of a 300 K blackbody. The dashed line
shows the spectrum when the lamp is on, divided by a factor of 100.

C. Experimental Verification

Figure 7 shows the results of our experiment to test
these ideas. We used a commercial rapid-scanning
interferometer32 set up with a transmission sample as
sketched in Fig. 6. The detector was operated at 300
K, while the sample was cooled to -6 K. The solid line
in Fig. 7 is the spectrum that we measured when the
lamp was off. The interferometer in this case gave a
signal even though both lamp and detector were at the
same temperature. Following the analysis which lead
to Eq. (14), this signal is

FT[I(t) - I-] = EBT(1 - R - r)(S300 - S6 )
- Ebr(1 - R - T)S300, (16)

where we have explicitly included the beam splitter
efficiency EB. The absorption by the sample has re-
duced the amount of 300 K radiation entering the in-
terferometer through the detector port compared with
what enters through the lamp port.

The difference between this spectrum and the 300 K
blackbody spectrum is due to instrumental effects. The
beam splitter, a Ge film or KBr, has zero efficiency
below 500 cm-' due to KBr absorption and has its
maximum efficiency in the 1500-2000-cm-1 region.

The dashed line in Fig. 5 shows the spectrum ob-
tained when the lamp was turned on. This spectrum
has been reduced by a factor of 100; thus the ratio of
signal with lamp off to signal with lamp on at 600 cm-'
is 0.07. According to Eq. (15) this ratio should be

300
Roff/on =r( - R - r)S300/SL (1 - R - T) - . (17)

TL

The sample had r = 0.4 and R 0.05, so that the ob-
served ratio suggests TL = 950 K, a not unreasonable
value.

V. Avoiding the Problem

We can suggest two solutions to this problem. First,
if the lamp is chopped (amplitude-modulated) and a
lock-in amplifier is used, the signal will not be affected

D

Fig. 8. Schematic diagram of

I an internally modulated inter-
2 ferometer that does not suffer

from errors caused by sample
or detector thermal radiation.

l / \ The cat's-eye mirrors Ci and
-- -< -W C2 in the active arms reflect

rays across the center line of
L _ _- the interferometer; light emit-

I . ted by the detector which re-
I ' .~ ~ C turns through the detector port
I is not collected by the detector

optics.

i

by emission from detector, sample, etc. since that
emission is steady and thus not amplified by the lock-in.
Because the bandwidth of most lock-ins is relatively
limited and because chopping at very high frequencies
(10-20 kHz) is difficult, this solution probably cannot
be used with rapid scanning interferometers. However,
phase-modulated interferometers, which operate in the
step-and-integrate mode, can be corrected by changing
to a chopped source. (Note that the chopper should not
be located at a focal point, or it could reflect light leaving
the interferometer toward the source back into the in-
terferometer, causing errors of the kind that we have
discussed here. Neither should it be located in the
detector port,20 21 where it would modulate radiation
entering the interferometer from the detector.)

Figure 8 suggests a solution suitable for rapid-scan-
ning instruments. The mirrors at the end of the active
arms are cat's-eyes or rooftop mirrors, 2 8 either of which
return rays on the opposite side of the system axis from
the one the rays entered. The detector optics are ar-
ranged so that light emitted from the detector or sample
into the interferometer is not returned to the detector.
Although this design eliminates the problem, it clearly
adds to the cost and complexity of the interferometer.
The beam splitter must be twice as large as before be-
cause different halves of it are used as input and output
beam splitters. The added weight of the moving
cat's-eye or rooftop mirror may increase the cost of the
drive mechanism. Finally, on account of the added
complexity of the interferometer, alignment will be
substantially more difficult.

VI. Conclusion

Not knowing the source of the radiation being de-
tected causes problems for three kinds of Fourier
transform spectrometers. All three are characterized
by internal modulation of the interferogram: rapid-
scanning interferometers, phase-modulated instru-
ments and amplitude modulation in one of the active
arms. The lack of discrimination introduces significant
errors into measurements of transmission and reflec-
tion; errors occur both in the magnitude and shape of
the curves. Errors are seen at all frequencies where
there is thermal radiation from samples or optical
components (other than the lamp which is intended to
be the source), i.e., for v < 5Tmax, where v is in cm-' and
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Tmax is the highest temperature (in kelvins) of these
other sources.

We have three final comments. First, lamelar grating
interferometers 3 3 do not suffer from this effect, because
they operate by switching energy between the zero order
and higher orders of diffraction instead of between de-
tector and source ports. Second, dual-beam spectro-
photometers which use optical nulling are also affected
by thermal emission from the sample, because the
chopper is usually also the beam combiner and thus
chops thermal radiation from the sample and the ref-
erence beam attenuator as well as from the lamp.
When sample and reference beam attenuator are at
different temperatures, the null will occur at an incor-
rect value of transmittance; this error actually can lead
to negative measured transmittance. It can be com-
pensated for only by readjusting the balance point of the
spectrophotometer at each frequency. Third, the cure
suggested by Fig. 8 also will correct the error described
by Jongbloets et al.,31 because light reflected from the
sample is not allowed to return to the detector.

This research was supported by the National Science
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DMR-8218021.
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