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White-light interferograms provide a simple, accurate, and physically intuitive picture of what happens to
broadband optical pulses on transmission through, or reflection from, common optical materials. Quantitative
measurement of group delay are made with an accuracy of 60.1 fs and with high spectral resolution. This
measurement accuracy is applied to the determination of d2nydl2 and d3 nydl3 of fused silica with an accuracy
of 65 3 1025 mm22 and 61 3 1023 mm23 , respectively. Further applications are found in the measurement
of the dispersion of broadband mirrors and a multiple-quantum-well structure.  1996 Optical Society of
America

1.

INTRODUCTION

White light, also known as thermal or Gaussian light,
is often categorized as incoherent light and is therefore
presumed to be of little use in a modern optics lab where
lasers abound. Indeed, if one is to define temporal coherence as the ability of an electric field to interfere with a delayed version of itself, then the light from a helium –neon
laser is certainly more coherent than that coming from
a light bulb. However, white light does still remain
coherent over a temporal delay of the order of femtoseconds, with the shortness being due to ultrafast Gaussian statistical temporal fluctuations. Only recently
have laser systems also been able to generate optical
pulses with a similarly short coherence lengths.1,2 The
light coming from such a laser obeys different statistics
(Poisson), and the spatial beam quality is typically much
better than that from a white-light source; however, if
one considers only linear correlations with slow detection, as are presented in what follows, it is impossible
to distinguish between the two different kinds of light.
In fact, for the measurements presented in this paper
the light from a household bulb will give the same information as a pulse from a femtosecond laser system.
Because of this, a white-light source, used in combination
with a standard Michelson interferometer, has received
increasing attention as a valuable tool in the study of the
dispersive properties of optical materials. In particular,
the measurement of group-delay dispersion, as well as
of higher-order dispersion, introduced by the optical elements (mirrors, prisms, gain medium) in a femtosecond
laser is of particular interest because the dispersion must
be accurately controlled to yield the shortest pulses. It
is the dispersion of the optical elements inside the laser
cavity that tends to broaden the pulse temporally,3 – 5 unless a phase-modulation mechanism of sign opposite the
dispersion exists in the cavity.6,7
Initial dispersion measurements with white light involved measuring the centroid of the interference pattern
produced with a Michelson interferometer and a filtered
white-light source at various wavelengths.8 – 10 The relative group delay between the different frequency components introduced by an optical component placed in
0740-3224/96/061120-10$10.00

one arm of the interferometer is obtained directly. The
same information can be obtained by a Fourier transform of a single measurement when the full bandwidth
of the white-light source is used.11,12 More recently, a
two-dimensional, single-shot technique was introduced.13
The price to pay for the single-shot convenience is an increased demand on the flatness of the optics used, because
the measurement cannot be made locally but requires a
sample size of the same order as the detector size. This
is what limits the relative error of the two-dimensional
measurement to 10%. A broadband source, such as the
fluorescence from a dye or a Ti:sapphire crystal pumped
by an argon laser, is equally suitable, as was shown by
Beck and Walmsley14 and Beck et al.,15 who made measurements of the group delay of various optical elements
by using phase-locked interferometry. In this case high
temporal and spectral resolution (0.1 fs and 0.1 nm, respectively) were obtained, but simplicity and affordability
were sacrificed.
In what follows, we extend the technique introduced
by Naganuma et al.,11 improving the temporal accuracy to 0.1 fs and showing how it is possible to make
absolute measurements of group delay. Because the
technique used involves the Fourier transform of the
measured interferogram, we can make the spectral resolution arbitrarily high by simply increasing the data collection in the time domain. The concepts associated with
dispersion arise naturally and are well illustrated by the
results and the theoretical description. Throughout all
this, the analogy between white light and a femtosecond
laser pulse is emphasized and the relevance of the measurements to the rapidly growing field of ultrafast lasers
is discussed. These measurements not only have significance for those working with subpicosecond laser pulses
but are also valuable for the accurate determination of the
high-order derivatives of the index of refraction with respect to wavelength, as is shown below. In addition, we
show how this technique can be applied to the characterization of multiple-quantum-well (MQW) samples. The
growth of MQW structures involves a certain amount of
uncertainty and one typically monitors and adjusts the
growth process by measuring the reflection spectrum of
the sample. The phase shift on reflection (or transmis 1996 Optical Society of America
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sion), as obtained from a white-light interferogram, can be
an extra piece of information in this evaluation process.

2. BALANCED AND UNBALANCED
MICHELSON INTERFEROMETERS
To begin, let us consider the balanced Michelson interferometer shown in Fig. 1(a). By balanced, we mean that
the path lengths in both arms of the interferometer are
equal for all frequencies. The interferometer consists of
a beam splitter and a compensator of the same material
and equal thickness and of identical broadband nondispersive mirrors. The input field Ẽstd is split by the beam
splitter into the fields that travel through the two arms
of the interferometer. If the mirror in one of the arms
is translated a distance xy2, then the field in that arm
will be delayed with respect to the field in the other arm
by t  xyc. The delayed field is designated Ẽ1 st 2 td,
and the undelayed field is called Ẽ2 std. With continuous
translation of the mirror, a square-law detector at the output of the interferometer will measure the interference
pattern (interferogram) that results from the two fields
moving in and out of phase with respect to each other.
As a function of delay, the interferogram has the form
I std / kẼ1 2 st 2 tdl 1 kẼ2 2 stdl 1 kẼ1 st 2 td Ẽ2p stdl
3 exps2iv td 1 kẼ p st 2 tdẼ stdlexpsiv td ,
l

1

2

l

(1)

where the angle brackets indicate the time averaging done
by the detector. For this expression a complex representation of the fields has been used, such that Ẽ1,2 std 
Ẽ1,2 stdexpsivl tdy2, where Ẽ std is the complex amplitude
function and vl is the average frequency of the radiation.
For future reference we define the Fourier and the inverse
Fourier transforms of this field to be
Ẽsvd 
Ẽstd 

Z
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The correlation involving the negative frequency components, exps2ivl td, can be neglected because it gives the
same information as Ã1 1 std. Using the fact that the
Fourier transform of a correlation of two functions is equal
to the product of the Fourier transforms of the respective
functions results in
Ã1 1 svd 

Z

`

2`

Ã1 1 stdexps2ivtd dt

 Ẽ1 p svdẼ2 svd

(5)

or, alternatively, in terms of the shifted frequency, in
Ã1 1 sVd  Ẽ1 p sVdẼ2 sVd .

(6)

For the ideally balanced interferometer of Fig. 1(a) the
fields in the two arms are identical, and Ẽ1 sVd  Ẽ2 sVd.
The right-hand side of Eq. (6) is real and is simply
the spectral intensity of the light jẼ sVdj2 . This is just
another way of saying that the correlation Ã1 1 std is an
autocorrelation, which is by definition an even function
(symmetric about t  0) and has a real Fourier transform. As Eq. (6) implies, when it is used in this way the
Michelson interferometer is simply a Fourier spectrometer. We can make the conditions on this balanced
Michelson interferometer more realistic by allowing for
arbitrary amplitude and phase differences between the
two fields. In this case Eq. (6) takes on the more general form
Ã1 1 sVd  r̃12 sVdẼ1 p sVdẼ2 sVd
 r̃12 sVdjẼ sVdj2 ,

(7)

1`

Ẽstdexps2ivtd dt,

2`

1 Z 1`
Ẽsvdexpsivtd dv,
2p 2`

(2)

respectively. In many situations it is more convenient
to work with a shifted frequency V  v 2 vl and the
complex envelope Ẽ std. It then follows from Eqs. (2) that
2ẼsV 1 vl d  Ẽ sVd 
Ẽ std 

Z

1`

2`

Ẽ stdexps2iVtd dt,

1 Z 1`
Ẽ sVdexpsiVtd dV.
2p 2`

(3)

We note that such a description is perfectly valid for all
forms of light, regardless of the degree of coherence.
In relation (1) the first two terms are simply the constant average intensity, and the second two terms carry
the interference information. These two interference
terms have the form of first-order correlations, and in
complete analogy to the definition of the complex electric
field the correlation of the positive spectral components
[those associated with the term containing expsivl td] is
defined as
Ã1 1 std  kẼ1 p st 2 tdẼ2 stdlexpsivl td
 Ã1 1 stdexpsivl td .

(4)

Fig. 1. (a) Balanced Michelson interferometer consisting of a
beam splitter (BS), mirrors (M1, M2), and a compensator plate
(C). (b) The unbalanced Michelson interferometer is identical to
that in (a) with the exception of an extra piece of glass (S) in one
arm. D’s, detectors.
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where r̃12 sVd is a complex, frequency-dependent function
representing amplitude losses and any unbalanced phase
shifts in the two arms of the interferometer.
It has just been shown how the Michelson interferometer can be used to give the spectrum of the source.
Now we turn to the more interesting subject of how
the properties of optical materials placed in one of the
arms of the interferometer can be obtained. Consider the
unbalanced Michelson interferometer of Fig. 1(b). With
the insertion of a single piece of glass of thickness dy2,
the field Ẽ2 std will have traversed more glass than the
field Ẽ1 st 2 td. The questions are: How will the fringe
pattern be modified by having one beam traverse the additional length of glass, and which properties of the material can be inferred from these measurements? To answer
these questions we begin by letting Ẽ1 sVd refer to the
Fourier transform of the complex envelope Ẽ1 st 2 td, as
given by Eqs. (3). In the frequency domain the field in
the second arm is identical to that in the first arm, with
the exception of the influence of the extra glass. We can
account for this glass by using a complex optical transfer
function T sVdexpf2iksVdg. This is simply a frequencydependent amplitude filter and a path-length-dependent
phase factor. The field in the second arm then takes on
the form
(

"

Ẽ2 sVd  T sVdẼ1 sVdexp 2id ksVd 2

V 1 vl
c

#)

Ẽ2 sVd ø T sVdẼ1 sVd
(
"

Ẽ2 sVd ø T sVdẼ1 sVd
(
"
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√
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√
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is the group delay per unit length of medium at the light
frequency vl (or the inverse of the group velocity),

where the term sV 1 vl dnair dyc is the phase shift of the
field in air snair  1d and must be subtracted as shown.
Below, we show that this term results only in a constant
phase factor and a constant contribution to the group delay. Using this definition of Ẽ2 sVd in Eq. (7), we arrive at
the following expression for the Fourier transform of the
measured correlation with the unbalanced interferometer:

3 exp 2id ksVd 2

(10)

In this expansion kl  2pnlyll  vl nlyc is the magnitude
of the wave vector at the wavelength vl for the glass
of index nl , and the higher-order terms are defined as
follows:

√
kl 00 

Ã2 1 sVd  r̃12 sVdjẼ sVdj2 T sVd
(
"

#

kl 00 2
kl 000 3
3 exp 2id kl 1 kl V 1
V 1
V 1 ...
2
6
)
V 1 vl
1i
d ,
c
0

(9)

It should be clear that when Ã2 1 sVd of Eq. (9) is divided
by Ã1 1 sVd of Eq. (7) the terms r̃12 sVd and jẼ sVdj2 are
eliminated, and one readily obtains the optical transfer
function of the sample in both amplitude and phase. For
transparent media T sVd can be considered a constant
close to unity in the spectral region of interest. In this
case the Fourier transform of the measured correlation
for the unbalanced interferometer is identical to that of
the balanced interferometer [Eq. (7)] with the addition of
the phase term exph2idfksVd 2 sV 1 vl dycgj.
It is this phase term that is of particular interest, because it describes the dispersive properties of the glass;
we now consider it in further detail. We return to Eq. (8)
and expand ksVd as a Taylor series about V  0 (i.e., the
center frequency of radiation v  vl ); the field in the second arm then takes the form

d2 k
dv 2

!

l

ll 3
2pc2

√

d2 n
dl2

!
(12)
l

describes the second-order dispersion (also called the
group-delay dispersion per unit length) around the same
frequency, and
√
kl 
000

dk
dv 3

!
l

" √
!
√
! #
d2 n
d3 n
l4
(13)
2 2 3 3
1 ll
4p c
dl2 l
dl3 l

is the third-order dispersion per unit length. In the
notation presented so far, the subscript l refers to the
evaluation of the respective quantity at an arbitrarily chosen center wavelength sll d or frequency svl d. We have
chosen to refer to the derivatives of ksVd as the group
delay and its higher-order dispersions, respectively, because such a convention follows most directly from the
actual measurements as well as from the mathematical notation (i.e., kl 0 has units of timeylength, kl 00 has
units of time2ylength, etc.). It should be mentioned that
the second-order term, k00  dydvs1yvg d, is also commonly referred to as the group-velocity dispersion parameter. This is sometimes a source of confusion because the
strictest definition of group-velocity dispersion is dvgydv.
Another common definition of group-velocity dispersion is
the derivative of vg with respect to l and can be expressed
in terms of k00 as
v 2 vg 2 d 2 k .
dvg

dl
2pc dv 2

(14)

If a polynomial is numerically fitted to the phase of
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relations (10) as obtained from the Fourier transform of
the correlation, then the values of kl , kl 0 , kl 00 , and kl 000 can
be related to the coefficients of the fit. As is explained
below, experimental limitations generally prevent us from
obtaining the zeroth- and the first-order terms of the
expansion in relations (10). For applications involving
ultrashort pulses this is of little consequence because the
neglected zeroth- and first-order terms do not contribute
to pulse shaping.
Each of the different terms of the expansion of ksVd
in relations (10) plays a specific role in the actual form
of a measured interferogram. As one might expect, the
extra glass in one arm of the interferometer results in
a longer path length and a corresponding shift in the
time delay origin. It is known that an exponential factor
linear in V transforms into a time shift. Therefore we
find the correct expression for this delay by starting with
the expansion in relations (10) limited to first order in
V  v 2 vl :
!
ivl d
Ẽ2 sVd ø Ẽ1 sVdexp
c
(
"
√
√

3 exp 2id kl 1

1
kl 2
c
0

!

#)
V

.

(15)

The inverse Fourier transform of this expression, as given
by Eqs. (3), then yields
Ẽ2 std  expf2ivl dsnl 2 1dycgẼ1 st 2 Dtd

(16)

for the complex field envelope, where Dt is given by
!
1
Dt  d kl 2
c
"
√
! #
dn
d .
d


snl 2 1d 2 ll
c
dl l
vg
√

0

(17)

In Eq. (17) we used the group velocity defined as vg 
cyng  cyfnl 2 ll sdnydldl g. Apart from the phase factor
in Eq. (16), we note that, as expected, the glass delays
the envelope of the field passing through it. However,
the delay is not simply the result of the difference of the
phase velocity in air and glass given by snl 2 1ddyc but
includes the term 2ll sdnydldl . The interesting result is
that a short pulse of radiation from a laser and the limited
coherent structure of white light both propagate through
a medium at the group velocity as defined above.
With a dispersive medium, a broadband source, or both,
the second- and the higher-order terms of relations (10)
are significant. The term kl 00 is the group-delay dispersion, and as its name implies it results in the temporal spreading of the various frequency subgroups that
make up the light. In a normally dispersive medium
this means that the red components travel ahead of the
blue components. Similarly, the third-order dispersion
kl 000 results in a further temporal separation of the frequency components. As will be shown, the second- and
third-order terms are responsible for the stretching of a
measured interferogram.
We note that relations (10) and the above discussion
are not limited to transparent dielectric samples. We
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can analyze the dispersive properties of a reflecting surface in the same way. However, in this situation the
physical thickness is not usually a meaningful quantity,
so the phase ksVdd of relations (10) is written simply as
fsVd. The group delay and its dispersions are then
defined as dfydV, d2 fydV 2 , and d3 fydV 3 . In this
situation the amplitude factor T sVd is the amplitude
reflection spectrum and can no longer be considered constant. Equation (9) now contains the product of the
spectrum of the source and the reflection spectrum of
the sample.

3.

MEASUREMENTS

A. Instrumentation
The actual recording of a white-light interferogram is
quite simple, provided that the white-light fringes can be
found in the first place. The fringes are readily observed
only over a narrow range (62 mm or 67 fs) about the zero
delay st  0d, which is defined as the point for which the
path lengths in both arms of the balanced interferometer are exactly equal. The experimental setup used
for the following measurements is shown in Fig. 2. The
small Michelson interferometer (a discontinued model
from Gaertner Scientific) is constructed from a single
cast block, making it very stable. In addition, a large
reduction in the gearing enables one to scan through
visible fringes with subwavelength accuracy. For all
measurements the position of the movable mirror in the
interferometer is translated with a slow dc motor
(,60 mm-delayymin). However, the gearing and the
driving motor suffer from variations in scan rate, so
it is necessary continuously to monitor the interference
fringes from a helium – neon laser sent through the same
system. Measuring these fringes to a fraction of a wavelength enables one to determine the delay introduced by
the translation of the mirror to within st  60.1 fs (or
630 nm). The white-light source is an easily obtained
halogen lamp (Osram 6 V, 20 W) and is placed at the
focal length of a large-aperture lens to produce a nearly

Fig. 2. Experimental setup for recording white-light interferograms. White light and helium – neon laser fringes are
measured simultaneously with detectors D1 and D2 and stored
in a computer. We use the helium – neon fringes to determine
by what distance mirror M2 is moved. Other abbreviations as
in Fig. 1.
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collimated beam. Great care was taken in the selection
of optics to ensure that the light in both arms experienced
identical phase shifts over a broad bandwidth. The beam
splitter and the compensator plate (Optics for Research)
were polished side by side upon a large optically flat plate
to yield the same thickness (3 mm) with a tolerance of a
fraction of a wavelength. The partially reflective coating
on the beam splitter was ,10 nm of Inconel. Although
the metallic coating has higher absorptive losses, its bandwidth is greater than that of a dielectric. Similarly, the
reflectors of the interferometer were metallic (Newport
AL.2). For all measurements the white light is detected
with an avalanche photodiode (Hamamatsu S2381), and
the calibrating helium –neon fringe pattern is simultaneously measured with a standard photodiode (Motorola
MRD-510). The outputs of the diodes are sampled with
an analog-to-digital card (Metrabyte DAS-16) mounted
in a personal computer. For some measurements with
the unbalanced interferometer, the white-light fringe contrast is poor, requiring the use of a mechanical chopper
and a lock-in amplifier. Processing of the sampled data
involves first calibrating the delay by use of the known
period of the fringes of the helium – neon laser and then
numerically computing the complex Fourier transform.
A fast-Fourier-transform algorithm is not used because
the delay points are not evenly spaced. Nonetheless,
sampling of the data and computation time with a 486
processor takes only a few minutes. The spacing and
the number of frequency points for which the transform
is calculated are inputs to the algorithm; however, as
with any Fourier spectrometer, the spectral resolution is
ultimately given by the inverse of the total delay over
which data are recorded. For example, a recording involving 300 fs of delay would have a spectral resolution of
5 nm near 750 nm. To obtain a resolution of 0.1 nm, one
simply needs to extend the time delay range to approximately 15 ps.

point. This is the result of unequal phase shifts on reflection at the metallic beam splitter for the light approaching from the glass side as opposed to light approaching
from the air side of the interface. We confirmed this
by calculating the complex reflection coefficients of the
air – metal –glass interface from both sides, using a standard matrix approach.16
The results of the subsequent Fourier transform of the
data of Fig. 3(a) are presented in Fig. 3(b). In agreement with Eq. (7), the amplitude of the Fourier transform (curve i) yields the spectrum of the source. The
limited spectral response of the silicon photodiode used
in these measurements results in the sharp cutoff point
in the measured spectrum at lower frequencies (1.1 mm
is the band-gap wavelength of silicon). This limitation
in bandwidth may also explain in part the Lorentzian
envelope of the interferogram of Fig. 3(a), which is not
the expected envelope when one considers the statistical
nature of white light. Further studies with wider band-

B. Balanced Interferometer
A typical recording made with the balanced interferometer is shown in Fig. 3(a). The best least-squares fit of
the data is obtained with the function
f sxd  gsxdhsxd ,

(18)

where hsxd is a cosine with a Gaussian frequency variation of the form
hsxd  coshfA exps2x 2yBd 1 Cgx 1 Dj

(19)

and gsxd is a Lorentzian envelope function of the form
gsxd 

E
1G.
1 1 x2yF

(20)

In Eqs. (18) –(20), x  ct (x has units of micrometers) and the values of the fitting parameters are A 
1.596, B  2.428, C  6.612, D  5.468 ø 7py4  2py4,
E  1.062, F  0.6295, and G  20.04455. The axis
of symmetry of the Lorentzian envelope accurately defines the zero delay, and the oscillating fringe pattern is
shifted in phase by 2py4 with respect to the zero-delay

Fig. 3. (a) Interferogram with a balanced interferometer. A
numerical fit of the sampled data and a Lorentzian envelope are
also plotted. (b) Curves (i) and (iii) are the amplitude and the
phase, respectively, of the Fourier transform of the actual data,
and curves (ii) and (iv) are the amplitude and the phase of the
Fourier transform of the functional fit to the data.
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width detection are required for resolution of this issue.
It is also interesting to note that the spectral amplitude
in this case is not given by a double-sided exponential,
as would be expected from a Lorentzian temporal envelope. This can be explained by the nonlinear chirp on
the interferogram. The phase of the Fourier transform
(curve iii) is also shown and is approximately constant,
with its value close to 2py4, in agreement with the fitting
of Eq. (19). The variation of the phase is only 60.1 rad in
the range 20.5 # V # 0.5. In the same range, the first
derivative of the phase, which is the group delay, was
found to vary by only 61 fs. This is the result of the instrument error, as represented by the phase of r̃12 sVd in
Eq. (7). Because this error is now known, one can easily
eliminate it in all subsequent measurements by simply
subtracting it. Finally, the amplitude (curve ii) and the
phase (curve iv) of the Fourier transform of the functional
fit to the measured data are shown for comparison.
C. Measurement of kl 0 and kl 00 for a Thin Sample
The interferogram recorded with a microscope cover slide,
d  442 6 5 mm, placed in one arm of the interferometer is shown in Fig. 4(a). In contrast to the balanced
interferometer, the unbalanced interferometer results in
an interferogram shifted with respect to the zero delay
of the balanced interferometer. This shift is understood
by the analogous description of an ultrashort coherent
pulse, with an autocorrelation given by Eq. (18), propagating through the cover slide at the group velocity. The
broadening of the interferogram, which leads to its asymmetry, is the result of the group-delay dispersion. As can
be seen, the longer wavelengths arrive first and make for
wider-spaced fringes. The light toward the blue end of
the spectrum arrives later and comprises the more closely
spaced fringes at the tail of the pattern.
It is not a trivial measurement to obtain the interferogram of Fig. 4(a) with the delay accurately referenced to
the zero delay st  0d of the balanced interferometer. To
accomplish this, we record the interferogram with the
balanced interferometer, and then without stopping the
translation of the mirror we insert the thin glass sample
into one arm of the interferometer. Care must be taken
to increase only the path length for the white light and not
the helium – neon beam; otherwise the calibrated motion
of the mirror will be lost. When the mirror arrives at the
appropriate delay, as given by Eq. (17), the fringe pattern
of Fig. 4(a) is recorded.
The amplitude and the phase of the Fourier transform
of the interferogram in Fig. 4(a) are shown in Fig. 4(b) as
a function of the shifted frequency V  v 2 vl , where
vl  0.375s2pd fs21 (ll  0.8 mm). Here and in the following examples, the spectral phase is plotted only over
the central region of the spectrum where the spectral
amplitude is significant. In accordance with Eq. (9), the
spectral amplitude is qualitatively unchanged from that
presented in Fig. 3(b). The additional noise is the result
of the larger amount of sampled data and the amplitude
noise on those data. As shown by relations (10), when
a polynomial of the form F  a0 1 a1 V 1 a2 V 2 is fitted to the phase data in Fig. 4(b) the optical constants
kl 0 and kl 00 can be obtained directly. The term given by
ao  2vl snl 2 1ddyc cannot be retrieved because in the
numerical computation of the Fourier transform the zero
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point of the phase is arbitrarily chosen. Determination
of this constant would require a priori knowledge of the
index of refraction nl . We note, however, that white-light
interferometric techniques do exist for the accurate determination of the index of refraction.17 When those techniques are combined with the technique presented here,
one could completely determine the index of a transparent
medium and its higher-order derivatives to a high degree
of accuracy.
From the actual polynomial fit to the phase data we
obtain a1  2dskl 0 2 1ycd  2772.5 6 0.1 fs, which gives
kl 0  5.08 6 0.02 fsymm. The error in a1 comes directly
from the uncertainty in the measured delay sst d, whereas
the accuracy of the value of kl 0 could be improved by several orders of magnitude with a more accurate value for d.
If the value of the index were known, one could use this
value of kl 0 to calculate the more commonly used value
of dnydll by using Eq. (11). We note that a1 is simply
the negative of the group delay given in Eq. (16). Comparison of this value with the actual delay of the interferogram of Fig. 4(a) shows good agreement. In fact, a
direct measurement of the period T of the fringe about

Fig. 4. (a) Interferogram with a microscope cover slide in one
arm of the interferometer. (b) The result of the Fourier transform of these data in amplitude and phase. When a polynomial
is fitted to the phase data, constants kl 0 and kl 00 can be determined. The fit is not shown because it is indistinguishable from
the data.
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When these five correlations are compared with the single
correlation shown in Fig. 4(a) we note that the delay positions for each frequency component are the same in both
figures. Indeed, the single correlation of Fig. 4(a) contains all the same information available from an infinite
number of correlations performed with a narrow-band or
filtered source.

Fig. 5. Spectrally filtered interferograms recorded with a microscope cover slide in one arm of the interferometer. The white
light is filtered before detection. The peak of the envelope for
each interferogram is determined by the group delay at the
center wavelength of each filter. From top to bottom, the center
wavelengths of the filters are 750, 650, 600, 550, and 500 nm.

the delay of 772 fs yields a value of T  2.7 fs, which is
equal to 2pyvl .
In a similar fashion we can obtain the value of
kl 00 and the related quantity d2 nydl2 l . As shown in
relations (10), kl 00 dy2 is the coefficient of the quadratic
term of the expansion of the phase. Using the same polynomial fit of the phase data as above, we get a2  2kl 00 dy2,
where a2 is the fitting parameter. From Eq. (12) we can
solve for d2 nydll 2 to obtain
4pc2
d2 n
 2a2 2 .
2
dl
ll d

(21)

The actual fit to the phase data yields a2  212.92 6
0.03 fs2 . Inasmuch as kl 00 dy2 is responsible for the
stretching of the interferogram, we have estimated
the relative error in a2 as the ratio of the uncertainty
in the delay to the spreading of the interferogram,
which is , 0.1y50  2 3 1023 . This is also of the
same order as the accuracy of the fit. We now arrive at the values of kl 00  0.058 6 0.001 fs2ymm, and
d2 nydll 2  0.064 6 0.001 mm22 . Because the material
from which the lens cover slide is made is unknown,
there are no data with which to compare these results.
However, common optical glasses have similar values.
We further elucidate the concepts of group delay and
group-delay dispersion by repeating the measurement
shown in Fig. 4(a) but with various narrow-band optical filters placed in front of the source. By using a
narrow-band filter (Dl , 5 nm) we can neglect higherorder dispersion and observe only the delay introduced
to the subgroup of frequencies transmitted by the filter.
Interferograms that use five different filters are shown
in Fig. 5. Because of the reduction in intensity we used
a photomultiplier tube and a lock-in amplifier to take
these data. These measurements are similar to those
performed by Knox et al., although in their study only
relative delays were measured.8 As this figure shows,
the peaks of the correlations for the different frequency
groups are at different delays, with the correlation of the
red light coming before the correlation of the blue light.

D. Measurement of kl 00 and kl 000 for a Thick Sample
Numerical and experimental convenience usually require
that we ignore the first two terms in the expansion of
relations (10). As we pointed out in Subsection 3.C, not
only must the zero delay point of the balanced interferometer be determined with submicrometer accuracy but
the delay from this point out to the measured interferogram must be measured with similar accuracy. This involves the sampling and storage of large amounts of data.
For example, if d is only 1 mm and the data are sampled
at a rate of 10 pointsywavelength, approximately 17,000
points of noise-level signal have to be recorded for the
determination of kl 0 . Although we limit ourselves to the
measurement of kl 00 and higher-order terms, it is more
convenient to center the correlation Ã1 std approximately
in the middle of the time domain (delay) to minimize the
amplitude and the phase variation of the Fourier transform. We further note that, if measurements are made
on a reflecting object rather than with a transparent dielectric, it becomes even more difficult to devise a measurement that allows one to obtain the zero-delay point
of the balanced interferometer.
An illustrative example of the measurement of k0 00
and k0 000 is shown in Fig. 6, for which the sample was
a piece of synthetic fused silica, d  3.957 6 0.005 mm.
As can be seen, the interferogram is now measured over
a delay ten times greater than the data of Fig. 3(a),
with the various frequency components spread out (from
low to high) along the delay axis. Because of the difficulties described in the previous paragraph, the zero
of the delay axis is arbitrary, although the relative accuracy is still of the order of 60.1 fs. The amplitude
and the phase of the Fourier transform of these data are
shown in Fig. 6(b). Once again, the spectrum is qualitatively the same as that obtained in Figs. 4(b) and 3(b),
with the increased noise being due to amplitude fluctuations in the interferogram. For displaying the phase in
Fig. 6(b), a polynomial sF  a0 1 a1 V 1 a2 V 2 1 a3 V 3 d
was first fitted to the data, and then the constant and linear terms were subtracted, leaving only the dependence
on the second- and the third-order dispersions. As can
be seen, the agreement between the data and the thirdorder polynomial fit is excellent. From the fit we obtain
a2  271.07 6 0.05 fs2 for the second-order coefficient,
where the error is from the fit itself. This gives kl 00 
0.03592 6 0.00005 fs2ymm and d2 nydll 2  0.03962 6
0.00005 mm22 at ll  800 nm. In this measurement
the third-order dispersion is also significant, yielding
a3  218.1 6 0.2 fs3 from the numerical fit of the phase
data. This directly gives kl 000  0.0274 6 0.0003 fs3ymm.
Using Eq. (13) and the calculated value of d2 nydll 2 , we
arrive at d3 nydll 3  20.238 6 0.001 mm23 . These values can be compared with d2 nydll 2  0.0398 mm22 and
d3 nydll 3  20.239 mm23 , which were obtained from differentiation of an analytical expression for the index as
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which are shown in Fig. 7(b). Curve i is the normalized reflection spectrum, where the measured spectrum
of the white-light source [obtained from data similar to
those of Fig. 3(a)] has been used for the normalization.
As expected, the reflection spectrum is near unity over
a broad bandwidth. Deviations from 1 are attributed to
amplitude fluctuations in the white-light source and the
sampled data. To obtain the correct reflection spectrum
requires that the emission spectrum of the lamp be constant within 0.1% for both the reference interferogram
and the interferogram of Fig. 7(a). The phase on reflection over the central part of the spectrum is shown by
curve ii of the figure, where the phase constant and the
term linear in V have been subtracted for display purposes. As detailed above, these terms do not contribute
to the stretching of the interferogram or, for that matter,
to the shaping of a femtosecond pulse. What remains of
the phase still contains all the higher-order dispersion information. The solid curve iii is a fifth-order polynomial
fit to the data. With an analytical form for the phase
the second- and the third-order dispersions, d2 fydV 2 and

Fig. 6. (a) Interferogram with d ø 4 mm of fused silica in
one arm of the interferometer. (b) The result of the Fourier
transform of these data. The constant and linear components
of the spectral phase are subtracted, and the resulting curve is
fitted with a third-order polynomial.

a function of wavelength.18 In both cases the measured
results are more accurate than those calculated by differentiation because, even though the error in the index
calculated from the analytical expression may be of the
order of 61025 , the error in the higher derivatives is
much greater.
E. Measurement of a Reflective Sample
As we mentioned above, this technique is not restricted
to transparent dielectric samples. As an example, we
studied a dielectrically coated high reflector made especially for use in a femtosecond Ti:sapphire laser (Newport
UF.20) in the wavelength range of 0.7 – 0.9 mm. The resulting interferogram with one of the aluminum mirrors
of the interferometer replaced by the Newport ultrafast
mirror is shown in Fig. 7(a). It is interesting to note the
modulation in the pattern following the main peak of the
interferogram. It is unknown how the ,20-mm (70-fs)
period of the modulation of reflection relates to the actual
construction of the reflector stack. The Fourier transform of these data yields the spectrum and the phase,

Fig. 7. (a) Interferogram for which one mirror of the interferometer was replaced by a mirror with a multilayer dielectric coating.
(b) Curve (i) is the normalized amplitude of the Fourier transform
(the reflection spectrum), curve (ii) is the phase of the Fourier
transform with the constant and linear contributions subtracted,
and curve (iii) is a fifth-order polynomial fit to the phase.
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the phase. In both Figs. 9(b) and 9(c) the experimental
values are compared with those predicted by the theory.
As can be seen, good agreement is found in some spectral regions, although further optimization in the growth
process is required for a correct match. We note that
the technique that we have described would be ideal for
the characterization of other multilayer semiconductor
devices such as the antiresonant Fabry – Perot saturable
absorbers that were recently introduced for mode-locked
solid-state lasers.22

Fig. 8. Second and third derivatives of the spectral phase on
reflection from a Newport UF.20 ultrafast mirror.

d3 fydV 3 , can be calculated for all frequencies by differentiation of the polynomial. This was done, and the results are shown in Fig. 8. The estimated relative error
in these curves is less than 4%. As is desired, both the
second- and the third-order terms are close to zero in the
center of the spectrum. There is also good agreement between these data and the theoretically calculated curves
presented in the Newport catalog.19 We note that the
technique demonstrated above can be used as a diagnostic tool not only for the development of ultrafast mirrors
but also for the development of dispersion-compensating
mirrors.13,20
F. Measurement of a Multiple-Quantum-Well Sample
A major advantage of the white-light interferometer described here over a conventional spectrometer is that it
provides both phase and amplitude information. This is
an obvious advantage for reflective structures such as
a Gires – Tournois interferometer, which has a constant
amplitude reflection of unity and a large dispersion. It
can also be valuable in the development of MQW structures, for which the reflection spectrum depends on numerous parameters such as composition, layer thickness,
and interface properties. Typically, the parameters governing the growth process are adjusted such that only
the measured reflection spectrum matches what is theoretically predicted. Unfortunately, more than one parameter can cause the same amplitude spectral shift.
Therefore knowledge of the phase spectrum is an important additional piece of information in resolving these ambiguities. Measurements toward this end were carried
out with a MQW structure designed to be a nonreciprocal
gain source in a ring laser.21 Figure 9(a) shows an interferogram produced by the technique described above,
in which one of the end mirrors of the Michelson interferometer has been replaced by the MQW sample. The
Fourier transform of the data shown in Fig. 9(a) yields
both the amplitude reflection spectrum [Fig. 9(b)] and the
phase [Fig. 9(c)]. Because a constant phase shift and a
term linear in V cannot be determined from the measurement, we have chosen to plot the first derivative of

Fig. 9. (a) Interferogram for which one mirror of the interferometer is replaced by a MQW structure. (b) Theoretical and
experimental reflection amplitudes for the MQW. The experimentally measured amplitude is not normalized by the spectrum
of the source. (c) First derivative of the phase shift on reflection
as obtained from both the theory and the experiment.
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4.

CONCLUSION

To account for the various characteristics observed in the
measurements of Section 3 it is helpful to visualize white
light as being made up of a superposition of the radiation
from the many individual oscillators (atoms or molecules)
that constitute the source. The temporal statistical fluctuations of this superposition are ultrafast, so white light
behaves much as a femtosecond pulse. Indeed, the autocorrelation of Fig. 3(a) could be that of a laser pulse consisting of just a few optical cycles. It is for this reason
that nonlinear correlations or broadband (fast) detection
must be used to distinguish white light from a coherent
femtosecond pulse. The analogy can be further extended
to the data of Fig. 6(a). If we followed a femtosecond
laser pulse through a piece of normally dispersive glass, it
would become broadened and upchirped, with its red components preceding its blue components. The cross correlation of this chirped pulse with a delayed replica of the
original pulse would also produce a result similar to that
of Fig. 6(a). In fact, if the original pulse is short enough
that it may be likened to a delta function, then the cross
correlation simply yields the stretched pulse. From this
point of view the interferogram of Fig. 6(a) is a good representation of what the stretched pulse would look like.
In summary, we have shown that a simple white-light
interferometer can be a powerful tool for the accurate
characterization of the dispersive properties of optical
components. Specifically, we have measured the secondand the third-order dispersions of synthetic fused silica
and a dielectrically coated high reflector near 800 nm.
In the case of the fused silica the results are more accurate than values obtained by an analytical expression
for the index of refraction, and in the case of the high reflector the results are in good agreement with calculated
values. Finally, we presented an example of a metal organic chemical-vapor deposition – grown MQW structure
to illustrate the usefulness of the technique in the diagnostic of complex multilayer structures. This technique
and subsequent measurements should prove useful in the
development of components for ultrashort pulse lasers,
multilayer mirrors, and MQW structures.
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