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Abstract. A simple interferometric method like Fourier spectroscopy is suggested for
spectral measurements in the visible. The method is based on the measurement of the
envelope of interferometric oscillations and allows to find the symmetrical part of the
spectrum. The method is applicable to the investigation of the spectra of external
radiation as well as of absorption and secondary emission. Photochemically burned
multi-frequency spectral holes (step 2~ 1.65 cm~!) in impurity-doped polystyrene were
studied by using a Michelson-type interferometer and a cw picosecond dye laser.
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1. INTRODUCTION

Interferometric methods, e. g. the method of Fourier spectroscopy, are
widely used for spectral measurements of infrared radiation, allowing
one to achieve a very high signal-to-noise ratio. In the visible these
methods are seldom used due to serious difficulties in practical appli-
cations. The difficulties arise from the fact that the mean frequencies w,g
of spectral lines exceed by many orders their widths & (usually
wo/6=>=10%). Therefore the Fourier transform of the spectrum measured
by these methods shows from thousands up to millions (or even more)
oscillations. To find the spectrum all the oscillations should be resolved
and the position (phase) of every oscillation fixed with high accuracy.
Naturally, there may be cases in which the spectra in the visible are
very broad (6 ~wg). In such cases the interference methods by subfemto-
second pulses with a white-light continuum spectrum appear to be rather
efficient ['°], e.g. for the measurement of absorption spectra. How-
ever, in ordinary cases, wo/6>>1, the mentioned difficulties remain also
when ultrashort pulses are used.

When in the case wo/8>>1 a usual Fourier spectrometer is used, which
contains a moving mirror (controlling the difference between the optical
passes of the interferometer shoulders; see e.g. [f]), then the mirror
should be moved at a very small velocity over a long distance, otherwise
the oscillations will be averaged to zero and the signal will be lost. The
performing of such kind of measurements with the required stability and
accuracy is rather difficult. The main difficulty is connected with the
absolute measurement of the time ¢, or (which is the same here) the
phase of oscillations: it should be performed with the accuracy essentially
exceeding the mean period of oscillations f,=2n/wo. In contrast to that,
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the measurements of the amplitude of oscillations may be performed with
much smaller accuracy. This possibility comes from the fact that in the
actual case, 6/wo<k1, the amplitudes are well characterized by their
envelope (so-called visibility function, see e. g. [7]), because they change
considerably slower in the course of time, {~ 613> f,.

Here the question arises what kind of information about the spectrum
can be obtained if only simple measurements of the envelope of ampli-
tudes are performed. The answer is: one can find the sum /.(0)=1(w)+
+1 (0 —2Q), where Q=0 —wo is the difference between the frequency
o of the spectrum and its central frequency wo. In the case of symmetrical
spectra Ic(w) and /(o) coincide [7]. It is important to underline that
these kinds of measurements in the visible can be used not only for
spectral investigations of an external radiation but also for the study
of absorption and excitation spectra. Feasibility of the interferometric
method proposed below is demonstrated by studying the multi-frequency
spectral holes burned into the inhomogeneous absorption band of persist-
ent spectral hole-burning media.

2. INTERFEROMETRIC METHOD

The method of Fourier spectroscopy is based on the dependence of
the radiation passed through a Michelson-type interferometer on the
optical delay time ¢ between the interferometer shoulders

I(w; 1) =% I(0) (14-cos of). (1)

Here /(w) and /(w; t) are the spectra of the radiations entering and
coming out of the interferometer, respectively; ¢=1Ic-!, [ being the
difference between the optical passes of the two shoulders of the inter-
ferometer. In the standard method of Fourier spectroscopy the radiation
under investigation is passed through the interferometer. The total inten-
sity of the passed radiation,

1= [ ol (0 )= Ur©O)+1r(0)), (2)

is studied as a function of . Here

datl) == f do I (o) cos ot (3)

~-00

is the cosine Fourier transform of the spectrum. The physical nature of
the f-dependence of the intensity of the passed-through radiation obviously
lies in the interference phenomenon. For we>>® this dependence is of an
oscillatory type with a very slow change of the amplitude and the period.
This can be clearly seen from the following representation of the Fourier
transform, Jg(f) [7]:

Jr(t)=A(t) cos (oot +9(t)), (4)
where

A(t)= (2 (1)+7 (1)) (5)
is the amplitude (visibility),
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¢ (t)==arccos (I (t)/A(t)) (6)

is the phase (period) correction,

oo

Je(t)= f dQ I (0o+Q)cos Q1 (7)

—00

and

1. (t) = f dQ I (we+Q)sin Q¢ (8)

=00

are the cosine and sine Fourier transforms of the shifted spectrum. Both
A(t) and @(f) depend slowly on ¢ in comparison with the quickly
oscillating term cos wef. To find the spectrum /(w) both the amplitude
A(t) and the phase wot+¢ of the Fourier transform should be measured.
If the phase correction ¢ (#) is neglected (not measured), then A (f) = J.()
and the Fourier transform of the envelope of the amplitudes gives

51—{ dt oA (1) - 1 (0) + (0= 20)]. ®)

Consequently, the measurement of the envelope of the amplitudes of
oscillations allows one to find the even sum of the spectrum /(w») and
of the shifted spectrum /(o — 29Q) (with regard to the central frequency
(1)0).

The same setup can be used also for the measurements of absorption
and excitation spectra. Here the radiation, which is used for the measure-
ment of the absorption or excitation of secondary emission, is first
directed to the interferometer and after passing through it, to the sample.
The total intensity of the light passed through the sample (in the case
of transmittancy-absorption measurements) or the intensity of the second-
ary emission under investigation is recorded for different delay times ¢.
Because of the slow change of the amplitudes of oscillations in relation
to ¢, only few oscillations in the vicinity of the chosen discrete points,
tn=2ncn/8N (situated far from each other in comparison with the
period f,), should be recorded (n=0, &1, £2, ..., £N; N is determined
by spectral resolution).

Let us consider, e. g., the measurement of the transmittancy spectrum
K(w) of a sample; the absorption spectrum can be found from the
dependence of K(w) on the thickness of the sample. The intensity of the
radiation passed through the sample is

W(t) = [ do K(o)I (o; t)=—;—(0(0)+0(t)), (10)

where

v(t)= [do K (v)cos ot (11)
is the cosine Fourier transform of the product K (w)=K(0)/(v) of the
transmittancy and the initial spectra. If /(w) is broad in comparison

with K(w), then v(f) coincides with the Fourier transform of the trans-
mittancy spectrum K(o).
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In a total accordance with the above-presented discussion v(f)
oscillates with the optical period #o=2mc/w,, while it takes a much longer
time 1~2c/53 1 for remarkable changes in the amplitude a(?) ol
oscillations (and their period) to occur. If only the envelope of the
amplitudes a(f) (i.e. the visibility function) is measured, then, by per-
forming the Fourier transform

Ke(0) =~§ln—4 [t e-itoartg f), (12)

one can fiid the even combination of the spectrum K (w) and the shifted
spectrum K (v — 29),

3. EXPERIMENTAL

Here we demonstrate experimentally the proposed interferometric
method for the investigation of photochemically burned spectral holes.
As a sample a polystyrene slab was used, which had been doped with
two dyes: octaethylporphine and protoporphine (both 10-3*—10-* mol/l).
The inhomogeneously broadened 0—0 impurity absorption band at 1.8 K
was 200 em™! fwhm and its maximum occurred at 619 nm. The optical
density of the slab was approximately D=3.0, the thickness d~4 mm
and the working aperture in a liquid helium cryostat, ®~10 mm.

A picosecond cw Rhodamine 6G laser was used as the light source
for both the burning of holes in the spectra and the detection of these
spectra by the interferometric method. The duration, spectral width
and repetition rate of the pulses were ~4 ps, 4—5 cm~! and 82 MHz,
respectively.

The same Michelson interferometer was used for spectral hole burning
and for spectral measurement. The input laser beam was divided by
the interferometer into two parts, which were directed collinearly onto
the sample. The optical path of the first beam could be changed with
regard to the second one by a variable delay line with a step of 10 nm.

Two laser pulses with a time separation #=20 ps were used for multi-
frequency hole burning in the transparency spectra of the sample.
Coherent superposition of temporally not overlapping pulses is provided
by the long phase coherence time, T,~1.6 ns [#] of the excited molecules.
The temporal separation is Fourier transformed into the spectral structure
of the burned hole. In particular, the width of the hole envelope is equal
to the spectral width of the pulse. The transparency spectrum with burned
holes in these cases is symmetric: I(0) =] (0 —2Q) and in the weak
burning case /(w) is given by a simple formula, K(w)J(w; t), where
t, is the delay time of the interferometer shoulder (see [°] where this
type of hole burning was also performed and studied). After hole
burning the same sample was used for transmittancy measurements. To
avoid additional hole burning during the measurement, the intensity of
the light pulses was strongly (=500 times) reduced in comparison with
the hole burning intensity.

Two different spectrum measurements by the interferometric method
were performed. Spectral holes were burned in the spectrum with low
(9 mJ/em?) and medium (42 mJ/cm?) exposure levels with an exposure
time of about 140 s. After the hole burning the same sample was used
for transmittancy measurements. Several fine scannings of the delay
line were performed during the delay time ¢=0—50 ps. The light passed
through the sample was recorded by a photomultiplier coupled to a photon
counting system,
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Fig. 2. The envelopes of the Fourier spectra in samples after the hole-burning dose (a)
9 mJ/em? and (b) 42 mJ/cm?, and the corresponding transparency spectra (c) and
(d) calculated by the cosine Fourier transform.
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Fig. 1 shows the measured oscillations at the delay time values
t;=20 ps, 13=23 ps, 13=27 ps and £;=40 ps. In Figs. 2a, 2b the envel-
opes of the oscillation amplitudes are presented. In Figs. 2¢, 2d the
results of the cosine Fourier transforms of the measured envelopes of
the amplitudes of oscillations are presented. The obtained spectra agree
qualitatively well with the expected analogous spectra measured in [!°]
by the usual method. They both have a fine structure with a step of
1.65 cm~'. The spectrum in Fig. 2d shows deeper minima, which corre-
sponds to a stronger hole burning, performed by =5 times higher
exposure dose (in comparison with the spectrum in Fig. 2c).

4. CONCLUDING REMARKS

In this work a simple interferometric method for spectral measure-
ments in the visible is proposed. In the case of symmetrical spectra
it is enough to record the envelope of interferometric amplitudes. The
possibility of studying the fine structure of hole-burning spectra by using
a Michelson-type interferometer and a cw picosecond dye laser is shown
experimentally.

The proposed method has some advantages in comparison with the
usual method of spectral investigations by spectrometers. Firstly, the
equipment for these measurements is quite simple and cheap. Secondly,
the signal-to-noise ratio can be higher, since a) all radiation is registered
here, not only its single spectral component, b) a large aperture can be
achieved in the measurements. Therefore this method can be useful
for the investigation of weak secondary emission spectra in the case of
laser monitoring of external objects (e.g. impurities of atmosphere).

Finally, we point out that if two-photon registration of radiation is
possible (e.g. in the case of excitation by ultrashort pulses), then
measurement can be extremely simplified. In this case the usual setup
with a moving mirror can be used. There is no need to resolve inter-
ferometric oscillations: as the recording signal is ~/?(f) (instead of
I(t)), it is not averaged to zero even when the single interference
oscillations are not resolved.
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SPEKTRAALSALKUDEGA NEELDUMISSPEKTRI MOOTMINE
INTERFERCMEETRILISEL MEETODIL

Viadimir HIZNJAKOV, Margus RATSEP

On vilja tootatud Fourier’ spektroskoopiale sarnanev interferomeetriline
meetod spektraalseteks mootmisteks spektri ndhtavas piirkonnas. Meetodit
on voimalik rakendada nii véliskiirguse kui ka neeldumis- ja sekundaar-
kiirguse spektraalseks uurimiseks. Siimmeetriliste spektrite korral on
voimalik piirduda interferomeetriliste ostsillatsioonide méhisjoone moot-
misega. Michelsoni tiiiipi interferomeetrit ja kvaasipidevat pikosekundi-
list vérvilaserit kasutades on uuritud lisandimolekuli neeldumisspektrisse
spektraalsidlkamise meetodil poletatud aukude peenstruktuuri lahutusega
~165 cm™.

HU3MEPEHHUE CNEKTPAJIbHbIX MPOBAJIOB UHTEP®EPEHIULUOH-
HbIM METOJAOM

Baaaumup XM)KHSIKOB, Maprye PATCETT

[Tpennoixken npoctoit HHTEP(EPEHUHOHHBIE METOJX H3YYEHHS] ONTHUCCKHX
CNEKTPOB B BHAHMOM JHanasoHe, SBJSIOUIHHACA YNPOUIEHHBIM BapHAHTOM
cnekTpockonun Pypbe. Meton ocHoBaH Ha H3MepeHHH orubaiouieidl HHTEp-
(bepoMeTpHUECKHX OCUMJJIALHHA H TO3BOJSIET ONPEAeJHTh CHMMETPYUHYIO
uacTh cnektpa. Meroa Moxker ObITb HCNOJAB30BAH JJIsi M3YUEHHSI CHEKTPa
BHEIHEH pajHallii, a TaKKe CNeKTPOB MOTJIOUIEHHS] H BTOPHUYHOTO CBEUeHHS.
C nmomombio HuTeppepomerpa MaiikebcOHa M MUKOCEKYHAHOTO Ja3epa Ha
KpacHTesie H3MepeH CIEeKTP MHOTOYAaCTOTHBIX CHIEKTPaJbHBIX NPOBAJOB (C
waroM ~1,65 cm~!), npeaBapHTeNbHO BBIAKKEHHBIX B NPHMECHOH MoJoce
NOrJIOULEeHHsI OJHCTHPOIA,
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