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White Light Dispersion Measurements by One-
and Two-Dimensional Spectral Interference

D. Meshulach, D. Yelin, and Y. Silberberg

Abstract— White light dispersion measurements by one- for dispersion measurements of single-mode optical fibers [6],
and two-dimensional spectral interference are shown. One- [7]. In situations where the reflectance or transmittance of the

dimensional white light spectral interference measurements gigiersive element varies significantly over the bandwidth of
allow accurate characterization of dispersion using weak

optical fields. Two-dimensional spectral interference allows for the f”te_red_ light, or when the variation of t_he group qelay
real-time measurements since no post-processing is needed, andlispersion is comparable to the coherence time of the filtered
therefore can be used in situations where the optical properties light, the envelope of the fringes is not well defined, and the
of the elements under test vary in time. We demonstrate the FCS technique fails. In such situations, the technique of phase-
applicability of the two methods for characterizing dispersive .y e interferometry (PLI) is often used, in which a feedback
elements such as optical glasses and dielectric coatings. . . e )
_ _ o loop locks the interferometer to a single fringe. In PLI, as in
_Index Termls_—D|sf,perS|on mﬁgsulreﬂwents, group velocity disper- FCS, the group velocity dispersion is obtained by plotting the
sion, spectral interference, white light. change in the reference arm length as the filter is scanned over
the entire bandwidth of the source [8], [9].
|. INTRODUCTION Recently, a measurement of ultraweak ultrashort pulses

ISPERSION phenomena has constantly presented limif§2S demonstrated using a one-dimensional (1-D) spectral
Dtions on the generation, manipulation, and measuremdfiErference (SI) technique [10], introduced by Froeétal.
of ultrashort optical pulses. Passively mode-locked solid-stater—[13]- This technique involves a linear measurement of the
femtosecond lasers generally operate in a dispersion-limitRectral interference of two pulses, delayed in timerhyith
regime, and precise knowledge and control over the intracaifSPeCt t0 each other. The measurement yields the spectral
dispersion is essential for stable operation [1]. Almost arj'@se differencé.is(w) — ¢rer(w) — wr, wheregs,(w) and
application of ultrashort pulses requires precise knowledgesi(«w) are the spectral phases of the unknown signal pulse
of the phase relations between the optical componentsad}d a charapterlzed reference pulse, respectively. Ir? the case
the pulse which are introduced by various optical elemenfd€re the signal pulse and reference pulse are derived from
in the system. For example, in optical pulse compressidfl® S&me source and one undergoes a spectral phase distortion,
tailored dispersive elements are used to accomplish efficidi¢ obtained spectral phase difference between the signal and
compression [2]. Techniques for characterization of opticH]€ reference pulse is simply the dispersion of the element.
pulses involve the use of optical components such as bedfiS Principle was used as a basis for a two-dimensional (2-D)
splitters and mirrors, which contribute to the total dispersictPatial-spectral interference (SSI) technique [14]-{16].
of the system, and consequently affect the measurementn this paper, we demonstrate 1-D and 2-D dispersion
Dispersion characterization of such components is thereféR¢asurements by white light SI. The 1-D SI measurement
required in order to account for its effect. scheme involves the use of a white light source, which replaces
One of the most common techniques for measuring disp&f€ Pulsed laser source, used in most previous work [10]-[13].
sion of optical components was investigated in the late 1800F§€ 2-D S| measurement scheme, as in the work of [14]
by Michelson [3] and is now referred to as white light Fring@nd [16], involves the measurement of the 2-D SI between
Contour Shift (FCS) [4], [5]. This white light interferometricWhite light reference and signal fields, propagating at an angle
technique involves measurements of the interference signaMith respect to each other. The optical frequencies of the
a filtered white light beam which emerges from a MichelsoRfopagating fields are angularly dispersed by a prism and
interferometer, in which the dispersive element under test Haterfere at the focal plane of a cylindrical lens, where a CCD
been placed in the path of the signal beam. For differefatrix is placed.
wavelengths, the relative delay between the two arms of theThe techniques of white light SI and SSI allow for sen-
interferometer changes. The group velocity dispersion of tRéive and accurate determination of dispersion over a large
unknown element is obtained by plotting the delay of the pe&ndwidth. In the method of SI, post-processing is needed to
of the interference fringes envelope as a function of wavextract the dispersion from the measured data, and unwrapping
length. A variation of this technique has been used successfifjthe spectral phase is needed, as well as the need to resolve
the sign ambiguity of the phase. The method of SSI, as we
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dynamic measurements, such as when aligning an optical
setup for minimum dispersion. We demonstrate the potential
of white light SI and SSI techniques by measuring small and
large dispersions of optical glass flats, dielectric mirrors, and
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One-dimensional white light Sl involves the measurement of m_ —_— <—>—<—I
the power spectrum of the combined field of a reference field y Beam
and a time delayed signal field. Consider the experimental Lens Lens )i Splitter
setup shown in Fig. 1, where a spatially filtered collimated iD

. . - L. . — elay
white light beam is split into two arms of a Michelson Mirror

interferometer and recombined after introducing a time deI@gg 1. Experimental arrangement for white light SI measurements.

into the signal arm. The power spectrum of the combined field”

of the random reference field(¢) and the delayed random
signal fields(¢t — 7) is given by affected. The 2-D interference intensiti{x, y), at the focal

plane of the cylindrical lens is given by
I(w) = |R(w) exp(i®r(w)) + S(w) exp(i®s(w))
x exp(—iwT)|?
= [R(w)]* + [S(w)[* + 2/R(w)[IS(w)]

x cos(Ps(w) — Pr(w) —wr). (1)

I(z,y) = |R(z.) exp(i@r(we)) exp(ik(a,)(f cos
+ysind))Ay) + S(ae) exp(i®s(e.))
x exp(ik,(f cos@ — ysin8)) A(y)|?
Here S(w) = R(w)H (w) and R{w) are the random spectral = A2(N{|R(z)|? + [S(z)]? + 2|R(z.)||S(2s)]
amplitudes of the signal and reference fields, respectively, x cos(Bs(z.,) — Br(r.) — 2k(z. )ysind)}
with H(w) the transfer function of the tested element. The ST it w)Y '
functions ®¢(w) and ®r(w) are the corresponding random (2)
spectral phases. It is evident from (1) that Sl requires that the

spectra of the signal field lies within that of the referenCﬁere S(z.) = R(z.)H(z.), whereS(z.) and R(z..) are
T'eld’. since spectral interference 'Fakes plac.e only betvye random spectral amplitudes of the signal and the reference
identical spectral components. It is also evident that S'nﬁ%lds respectively, mapped onto thedirection, andH (z.,)
the.spetctral phase d|ﬁeren}:<athappﬁars as the ;rgument o|1|‘i fhe transfer function of the tested element. The functions
cosine term, unwrapping ot the phase IS needed, as we g(a:w) and ®g(x,,) are the corresponding random spectral
removing of the sign ambiguity. It is important to erT‘phas'ZShases, and(z,,) is the wavevector magnitude. The subscript
]Ehat t'althougth thef phase@S(fg ac?'?f Dr(w) barte randt(r)]m w is included to emphasize the mapping of the optical fre-
unctions, at any irequency, tne artierence between Mese€,, . sies onto the axis. The focal length of the cylindrical

twot_fur:ctmnshrenlams a colnztant for r:;stanonary d|st(t)rt||0 n‘h%ns is f, and A(y) accounts for the intensity distribution in
particuiar, when the signal beam undergoes a spectral p eey direction at the focal plane, assumed to be identical for
distortion such as dispersion, so tH#{w) = exp[i®(w)], the

; . 7 ! . both fields.
argument of the cosine term in (1) is simply the dispersion As in SI, although the phase® p(z.) and ®s(z.,) are
of the distorting element, up to a linear terd(w) — wr. random functions, the difference between these two functions

The delayr serves as a carrier frequency for encoding At any frequency remains a constant for a stationary distortion.

the spectral information. It can be verified that the fring::lﬂ,herefore at anyz,, location, the modulation along thg
. . . Ll w 1
contrast Is maximized when the power specirum of the t rection has a sinusoidal pattern, shifted by the spectral

f|¢lds are |den|t|CﬁI. Hovyfefver, this is not a requirement of I'S ase difference between the relevant frequency components.
zn((:jelspectra fph ase di erences are measured as ampli ﬁsequently, any of the fringes traces the spectral phase
odulations of the combined power spectrum. difference between the two fields as a function of the fre-
quency. The sign ambiguity of the phase difference is removed,
and no unwrapping of the phase is needed. Furthermore, the
Consider the geometry of Fig. 2, where a white lighinterference pattern provides a natural phase scale, since the
reference and signal fieldst) and s(¢) are propagating at fringe spacing alongy, for any frequency at locatiom:,,,
an angle 2 with respect to each other and impinging upogorresponds to a2phase shift. As in Sl, the fringe contrast is
a prism. The angle 2is controlled by the corner reflector.maximized when the power spectrum of the fields are equal.
The prism and the cylindrical lens map the optical frequencieétowever, this is not a requirement of SSI, since as in Sl,
of the two fields at the focal plane of the lens, along the phase differences are measured as amplitude modulations of
direction. The field along the perpendiculadirection is not the combined power spectrum.

B. Spatial-Spectral Interference
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Fig. 2. Experimental arrangement for white light SSI measurements. The reference and the signal fields propagate atbawidngbsZct to each other.
A color CCD matrix is placed at the focal plane of the cylindrical lens where the spectra of the two fields interfere.

Ill. EXPERIMENTAL RESULTS 1.0

A. Spectral Interference o8

The S| experimental setup is shown in Fig. 1. The white
light source for our experiment was a 250-W Quartz Tungsteg
Halogen lamp. The light from the lamp was coupled, using. °¢1
a 50-mm focal length lens, into a 5-m-long single-mode®
optical fiber (at 800 nm), which served as a spatial fiIterg 04
The light emerging from the optical fiber was collimateds
using ax10 0.25 NA microscope objective. The collimated L
white light beam was split into two by a broad-band 50/50 027 BT e o s
dielectric beam splitter (NRC 30B10-BS1). One beam served \ ah 4
for the reference field and the other for the signal field. , 1 L
Since the reflecting dielectric layers of the beam splitter were 700 725 750 775 800 825 850 875 900
deposited on one side of the beam splitter, the signal beam Wavelength [nm]
In our setup passeq three times through the beam Spllt|13|er. 3. The smoothed power spectrum of the reference field (dashed) and
substrate (BK-7), while the reference beam passed only ongg.signal field (dotted), and the Si signal (solid) for the case where one piece
Therefore, a calibration measurement was needed to alloi®.373 thick fused silica glass optical flat was placed in thesignal arm of
for compensation for this material dispersion in subsequefg interferometer.
measurements. The two beams, after having passed again
through the beam splitter, were recombined and coupled irgabtracted them from the interference signal, to account for
a multimode optical fiber, using an additionaflO 0.25 NA the nonuniformity of the white light source. The result was
microscope objective. The spectrum of the light emerging fromansformed to the time-domain by an inverse Fourier transfor-
this fiber was measured using an optical spectrum analyzeation, and the negative and zero time terms were filtered out
All of our data was obtained by integrating over few scarend Fourier transformed back to the frequency-domain. The
of the spectrum analyzer, to improve ti% N ratio of the resulting spectrum was multiplied by a linear phase exponent
measurements. In the following. we describe measurementdaiftor to account for the delay, to give the desired spectral
phase dispersions that were imposed upon the signal field.phase difference [10]. The spectral phase extracted from the
To demonstrate dispersion measurements of optical matel&ta shown in Fig. 3 is presented as curve (a) in Fig. 4,
als, we first inserted one piece of 0.375-in-thick fused silidagether with the calculated dispersion curve obtained using
glass optical flat in the signal arm of the interferometer. ThHee values of¢” = 362 f¢/cm and ¢’ = 275 fs’/cm
S| of the combined field, and the smoothed power spectrdor the second- and third-order dispersion coefficients. These
of the individual fields is shown in Fig. 3. In order to extractalculated values were obtained using Sellmeir’s coefficients
the spectral phase, we smoothed the power spectrum of thefused silica glass at 800-nm wavelength. Next, we inserted
reference and the power spectrum of the signal fields aad additional identical optical flat in the signal arm of the
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Fig. 4. Extracted (circles) and computed (solid) dispersion for fused silica
glass using second- and third-order dispersion coefficients for 800-nm wave- ;44
length. (a) One piece of 0.375-in-thick fused silica optical flat. (b) Two pieces

of 0.375-in-thick fused silica optical flats.

0]

80

interferometer. The spectral phase in this case is shown as

curve (b) in Fig. 4, together with the calculated dispersiolf ,, | (I

curve, obtained using the same values as aboveffoand §

#". The excellent agreement between the extracted and tfe

calculated data clearly demonstrates the potential of white Iigg'i_’; 407

Sl for dispersion measurements. &
Next, we measured dispersion of dielectric coatings. For this |

purpose, we replaced the silver mirror of the signal arm of the (I

interferometer by various dielectric mirrors. Fig. 5(a) shows

the extracted spectral phase for (1) high-reflectance broad-band ©°

dielectric mirror, designed for the 450-700-nm wavelengths

range, (I) high-reflectance dielectric mirror designed for 1.06-

pm wavelength, and (Il) 90% output coupler designed for a ()

central wavelength of 800 nm (CVI-PR2 800 90), used fdig. 5. Extracted dispersion and reflectance of dielectric mirrors anddielectric

mode-locked Ti:Sapphire lasers. Curves (1) and () in Figeelise () Dversion ol ) gheliectance roat-band deecyic mutor o

5(a) show approximately constant spectral phase regions, Wiggo-nm wavelength, and (lll) a 90% output coupler designed for a central

abrupt spectral phase jumps between them. The reflectaweeelength of 800 nm (CVI-PR2 800 90), used for mode-locked Ti:Sapphire

cu'rves of these dieleptric mirrors is shown in Fig. 5(b). !t i )S—e(llﬁj.(b) The corresponding reflectance curves of the dielectric mirrors

evident from comparing Fig. 5(a) and (b) that the locations

of the phase jumps correspond to minima of the reflectance,

where sign reversal of the amplitude reflectance has occurré§, extracted dispersion coefficients ¢f = —2160 ¢ and

These phase distortions could impose severe distortions ©n = —12 066 f$ for the short beam path through the prism,

short pulses. Curve (lll) in Fig. 5(a), which corresponds ¢” = —1172 f§ and ¢ = —1152 f¢’ for the medium beam

a 90% 800-nm output coupler, shows negligible dispersi@th and” = —1026 f§ and¢’” = ~12330 f¢ for the long

of the dielectric coating in the relevant spectral range, af§am path. Itis evident from this data tht increases with

smooth reflectance curve, as can be seen in curve (lll) in FRgam path through the glass, as expected.

5(b). As is well known, dielectric mirrors for femtosecond

operation require a linear phase versus frequency over a laRyeSPatial-Spectral Interference

bandwidth to minimize dispersion. This is usually achieved by The SSI experimental setup is shown in Fig. 2. The white

using a single-stack dielectric coating of sufficient bandwidiight source for the experiment was an arc Xenon lamp. As

[17], [18]. in our 1-D Sl experiment, the white light source was spatially
Finally, we inserted two 60 SF-18 glass prisms, in afiltered using the same 5-m-long single-mode optical fiber.

prism-pair arrangement [19], into the signal arm of the interfeTthe white light was coupled into the optical fiber using a

ometer. Fig. 6 shows the extracted dispersion of the prism-p&il0 0.25 NA microscope objective, and the light emerging

for three values of beam path-length through the prism glas®m the fiber was collimated using an additional0 0.25

The negative second-order dispersion is evident as well [48 microscope objective. As in our previous experiment, the

the significant contribution of the third order. From this dataollimated white light beam was split into two by the same

T T T T T T T T T T T T T T T
700 725 750 775 800 825 850 875 900
Wavelength [nm]
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Fig. 7. The SSI pattern of the signal and reference fields, with no spectral

Wavelength [nm] phase distortion. (a) No delay. (b) Delay of 67 fs.

Fig. 6. Extracted dispersion of a 8&F-18 prism-pair arrangement, for three
values of beam path length through the prism glass. The dashed, solid, and . . . .
dotted curves correspond to short, medium, and long path length in the glds#iges. While Fig. 7 shows black and white reproductions, the

respectively. original image is displayed in colots.
To demonstrate real-time display and measurements of

broad-band 50/50 dielectric beam splitter for the reference afigPersion, we first placed a 3.175-mm-thick fused silica
signal beams. In order to compensate for the residual matefi3SS optical flat in the signal arm of the interferometer. The
dispersion of the interferometer, we inserted additional gladierference pattern in this case is shown in Fig. 8(a). The
flats into the reference beam (not shown in Fig. 2), to balanf@nlinear mapping of the optical frequencies onto the CCD
the two arms. The signal beam was reflected by a S”\gﬁtnx should be takep into account_ln mterprgtmg the.rgsults.
mirror, while the reference beam was reflected by a silvgue measurements yield a quadrat_lp dispersion coefficient of
mirror corner reflector, adjusted so that the two beams, affer — 652 fs'/cm for the .fus.,ed. silica glass, for a cgntral

having passed again through the beam splitter, propagateefvgyelength of 555 nm. This is in good agreement with the

an angle26 = 0.6°> with respect to each other. The spectral cu_la_¢ted value of 6.2.1 fiem, obta|r_1ed using Sellme|rs_
. . . coefficients for fused silica glass for this wavelength. The sign
components of the two fields were spatially dispersed by

60° SF-18 prism, and the spectra of the two beams interferO?the dispersion is clearly reflected from the curvature of the

d ; : i
at the focal plane of a 100-mm focal length cylindrical Iensﬁ'.nges' Elacmg the optical flat in the reference beam resulted
: With an inverted interference pattern. Next, we replaced the
where a color CCD matrix was placed (COHU 8310). The .. : . )
ogncal glass flat in the signal arm of the interferometer

prism and the cylindrical lens were used to accommodateby a 9.525-mm fused silica glass optical flat. The resulting

bandwidth of 143 nm over the CCD width. At the focal Planelhterference pattern is shown in Fig. 8(b). The measurements
each spectral component was focused down tq.50) while

. ) ) ~ _yield a quadratic dispersion coefficient ¢f = 634 f$/cm,
the CCD pixel size was-9 pm. In the following, we describe which is in excellent agreement with the calculated value.

several measurements of phase distortions that were impose\gtle have also used SSI for real-time dispersion measure-
upon the signal field. ments of dielectric mirrors. To demonstrate this, we replaced
_First, we recorded the SSI pattern of the reference and #a@ jier mirror of the signal arm of the interferometer by
signal fields, when no distortion was introduced. The resulfsiq s gielectric mirrors. Fig. 9(a) shows the interference
are shown in Fig. 7. The case where the two fields coincide Jaern when the silver mirror of the signal arm was replaced
time is shown in Fig. 7(a). This measurement was also usg? a high-reflectance broad-band dielectric mirror, designed
to confirm that the interferometer was balanced in terms g ihe 450—700-nm wavelengths. The variation of the spectral
dispersion, as is evident from the straight lines. Note that th&erference fringes, shown in Fig. 9(a), reveals a spectral
fringe pattern is wedged, due to the fact that the horizontal aﬁﬁase distortion across the spectrum. Since the mirror is
corresponds to wavelength, and therefore the fringe spacigsigned for high reflectance over the measurement range,
varies. A delay between the two fields corresponds to a linggg attribute the phase structure to the existence of several
spectral phase shift, which results in a tilt of the interferenggfiectance stacks in the dielectric coating. Finally, we replaced
pattern. This is clearly seen in Fig. 7(b) where a delay @his mirror by a dielectric mirror, designed for the 1060-nm
67 fs was introduced between the fields [20]. The delay w@mvelength. The resulting interference pattern is shown in Fig.
calculated directly from the fringe pattern, using the dEflnltIOg(b) Here it is evident that the Spectra| phase jumps occur at

T(w) = [0¢(w)/dw]. Our calculations based on the fringavavelengths where low reflectance is observed, corresponding
pattern gave a delay of 62 fs, a good estimate of the induced

delay. Note that the direction of the tilt uniquely determines the, . _ _ o

t | relation between the sianal and the reference fiel The original colored version of the SSI images presented in this pa-
gmpora re _' . g A : I gér’ can be viewed at our home page, http://www.weizmann.ac.il/physics/
since a negative delay would simply rotate the direction of themplex/ultrafast.
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