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We describe an ultrafast optics laboratory comprising a mode-locked erbium fiber laser,

autocorrelation measurements, and a free-space parallel grating dispersion compensation apparatus.

The gain spectrum of Er fiber provides a broad bandwidth capable of supporting sub-100 fs pulses

centered near a wavelength of 1550 nm. The fiber laser design used here produces a train of pulses at

a repetition rate of 55 MHz with pulse duration as short as 108 fs. The pulse duration is measured

with a homebuilt autocorrelator using a simple Michelson interferometer that takes advantage of the

two-photon nonlinear response of a common silicon photodiode. To compensate for temporal

stretching of the short pulse due to group velocity dispersion in the fiber, an apparatus based on a

pair of parallel gratings is used for pulse compression. A detailed part that lists in the supplementary

material includes previously owned and common parts used by the telecommunications industry,

which helps decrease costs of the laboratory. This provides a cost-effective way to introduce the

principles of ultrafast optics to undergraduate laboratories. # 2021 Published under an exclusive license by
American Association of Physics Teachers.

https://doi.org/10.1119/10.0005890

I. INTRODUCTION

Laboratory experiences for undergraduates beyond their
first year of study can provide significant opportunities for
physics and engineering education and research. In an
advanced laboratory, students can make hands-on contact
with important historical experimental milestones and con-
temporary phenomena, or begin experiences with open-
ended projects that approach those of a productive research
laboratory. Growing attention is being given to undergradu-
ate physics laboratory courses by researchers and educa-
tors.1,2 New laboratories have been developed as well as
formal analyses of their pedagogical aspects.3–5 Here, we
describe an ultrafast optics laboratory that is perhaps some-
what uncommon in the undergraduate setting. The concepts
and required skills are used in state-of-the-art physics, engi-
neering, and industrial settings. The fields of ultrafast
optics, mode-locked fiber lasers, and frequency combs6 are
mature yet continue to find new and interdisciplinary
applications.

In contrast to common ultrafast systems such as mode-
locked titanium-sapphire lasers,7 the apparatus described

below is relatively inexpensive. This is in large part due to
the wide availability of telecommunications components and
equipment. The mode-locked fiber laser described in this
manuscript can be built for approximately 7400 USD. This
cost includes the purchase of a fiber fusion splicer (3470
USD). We have, however, also built a similar fiber laser that
utilizes standard connectorized fiber components and does
not require the fusion splicer, bringing the cost down to
approximately 3900 USD. A detailed parts list for both
lasers can be found in Table SI in the supplementary mate-
rial.8 The autocorrelation and dispersion compensation appa-
ratus described below can be built for approximately 2150
USD and 1440 USD, respectively (Tables SII and SIII in the
supplementary material).

The results from the apparatus described here were
achieved over several semesters by undergraduate students
in open-ended, course project groups as well as summer and
semester research students (supplementary material Sec.
S.I). Student ownership outcomes of this and other laborato-
ries have recently been formally assessed in the context of
two of Bethel University’s advanced laboratory courses:
Optics, and Topics in Contemporary Optics: Lasers.9–11
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In Sec. II, we give an introduction to ultrafast optics by
reviewing short-pulse descriptions in the time and frequency
domains. This background is needed to understand key ele-
ments of the laser cavity design and related experiments that
demonstrate the concepts of Fourier-transform-limited pulse
duration, pulse chirp, pulse compression techniques, and
pulse measurement techniques based on the second-order
autocorrelation. A description of the ultrafast laboratory
project results follows in sections briefly describing the
mode-locked fiber laser (Sec. III), the autocorrelator used to
measure ultrashort pulses (Sec. IV), and the parallel grating
dispersion compensator used to compress pulses to their min-
imum duration (Sec. V and supplementary material Sec.
S.V). These sections may provide guidance for an advanced
laboratory instructor or undergraduate researcher in this
field. They are a starting point for theoretical concepts and
may clarify sometimes confusing terminology and conven-
tion. They may also provide practical reference points for
building the apparatus and typical data. For example, the
instructor may reasonably choose to build the apparatus in
these three sections in three separate semesters of an
advanced laboratory course. Alternatively, the mode-locked
Er fiber laser described in Sec. III could be purchased
directly from various companies12 and used as a starting
point to explore pulse propagation, amplification, and mea-
surement (Secs. IV and V).

To support students and instructors, there is a large
amount of related literature. We find Refs. 13–20 helpful for
the mode-locked fiber laser, Refs. 21–23 for pulse characteri-
zation, and Refs. 18 and 23–25 for the external parallel grat-
ing dispersion compensation apparatus.

II. BACKGROUND: ULTRASHORT PULSE

DESCRIPTIONS

A description of optical pulses in the time and frequency
domains provides a useful example of complex Fourier
transforms. Such a description is helpful in describing pulse
propagation in linear and nonlinear regimes. For a more com-
plete discussion on this background material, see Ref. 22.
Neglecting spatial dependence and polarization, the electric
field for a single optical pulse can be written as EðtÞ ¼ AðtÞ
cos ðx0tþ /ðtÞÞ, where A(t) is the pulse envelope, x0 is the
carrier frequency of the pulse, and /ðtÞ describes phase devia-
tions from this average carrier frequency. A complex repre-
sentation of the pulse is often convenient and can be written
as EðtÞ ¼ ~AðtÞ eix0t þ c:c:, where ~AðtÞ ¼ AðtÞ ei/ðtÞ is the
complex temporal envelope. The real pulse envelope A(t) is
often modeled as a Gaussian function for analytical conve-
nience, and as a hyperbolic secant for a more accurate depic-
tion of a common pulse shape (as in the case of optical
solitons). Two examples for E(t) are shown in Fig. 1. In this
example, the chirped pulse on the left corresponds to the case
where /ðtÞ varies quadratically along the pulse profile, result-
ing in a linearly varying instantaneous frequency on the pulse,
d/=dt / t. For the unchirped pulse on the right of the figure,
d/=dt ¼ constant.

The complex spectrum for the pulse is defined by

~EðxÞ ¼ 1ffiffiffiffiffiffi
2p
p

ð1
�1

EðtÞe�ixtdt ¼ j ~EðxÞjeiUðxÞ; (1)

where j ~EðxÞj is the amplitude of the pulse spectrum, and
UðxÞ is its spectral phase. The time and frequency domain

descriptions of the pulse are equivalent, and form a Fourier
transform pair, where the inverse transform of the complex
spectrum gives the time-dependent electric field

EðtÞ ¼ 1ffiffiffiffiffiffi
2p
p

ð1
�1

~EðxÞeixtdx: (2)

This Fourier relationship between time and frequency is a
good opportunity to connect the use of complex Fourier
transforms to other examples with which advanced students
may be more familiar. These include the spatial analog for
light propagation, where the near and far fields are related by
a Fourier transform, and the Heisenberg uncertainty relations
of quantum mechanics. The inverse relationship between the
pulse duration, sp, and the corresponding spectral bandwidth,
D�, can then be seen as a direct result of the properties of the
Fourier transform: sp � D�� 1

2
. The exact relations for vari-

ous pulse shapes are given in supplementary material Sec.
S.II.

Propagation can alter pulses of light either linearly or non-
linearly, depending upon the material through which the
pulses propagate, such as in the example shown in Fig. 1. In
the case of linear pulse propagation, the complex spectrum
of a pulse will be multiplied by a frequency-dependent spec-
tral phase term. This spectral phase is affected by dispersion
or the phenomenon where the phase velocity of light depends
on its frequency. Fundamental parameters to describe the
effect of dispersion on pulse propagation include the well-
known propagation constant kðxÞ ¼ x

c nðxÞ, where nðxÞ is
the frequency-dependent index of refraction and c is the
speed of light in vacuum. The second derivative of this term
with respect to angular frequency x is called group velocity
dispersion (GVD) and is represented by k00. Related to this is
the group delay dispersion (GDD), which is defined as k00z,
where z is the propagation distance through the material. The
propagation constant is also often written as bðxÞ when deal-
ing with the effective refractive index of optical fiber.
Dispersion can cause chirp where the frequency of the light
increases (positive- or up-chirp) or decreases (negative- or
down-chirp) with time and propagation. These concepts of
linear and nonlinear propagation of pulses are developed
comprehensively in supplementary material Secs. S.II and
S.III, respectively.

Fig. 1. Simulation of chirped (left) and unchirped (right) pulses. The pulse

on the right is referred to as a Fourier-transform-limited pulse. The up-

chirped pulse on the left results from propagation through a material with

normal dispersion (positive GDD, or b00 > 0 [see the supplementary material

Sec. S.II]) since the lower frequencies arrive at an earlier time.
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III. MODE-LOCKED LASER

The mode-locked fiber laser is an advanced laboratory
experiment that alone could take a full academic semester to
complete. In this section, we describe the basic components
needed to construct the oscillator and obtain lasing, as well as
specific components needed to generate ultrashort pulses.
Components are readily available thanks to the telecommuni-
cations industry, which relies heavily on erbium fiber technol-
ogy. There are several different mode-locking mechanisms
that can be used to force the laser into a state that favors short
pulses over continuous-wave (cw) oscillation. Here, we
choose nonlinear polarization rotation,13 described in more
detail later. This common mode-locking technique often pro-
duces the lowest noise and shortest pulse durations directly
from an erbium fiber laser cavity. Alternative mechanisms
that may simplify the design include fast saturable absorbers,
which are available commercially.26–28

A diagram of the erbium-doped fiber laser is shown in
Fig. 2. The design is based on the stretched-pulse mode-
locked laser of Ref. 13. Except for the short, free-space sec-
tion (red line), the solid lines indicate single-mode optical
fiber, which confines light to the small fiber core (�6 lm)
that is surrounded by a 125-lm-diameter cladding. Fiber is
sold with a protective coating (and sometimes a thicker, col-
ored jacket), which must be removed in order to directly
splice different fibers and fiber-based components together.
The x symbols in Fig. 2 indicate approximate locations of
splices between different sections of the oscillator. Splicing
the fibers directly together requires the use of a fusion
splicer. Alternatively, connections between different fibers
and fiber-based components can be made using standard
threaded connectors, which place two fiber ends in physical
contact with each other. The use of mechanical connections
is often more convenient, but comes at the price of increased
losses and back reflections. The lowest loss connector is an
angled-face connector known as FC/APC. Losses from
mechanical connections can be minimized by using an index
matching fluid between fiber tips. The parts for a complete
connector-based laser are described in Table SI.

Several components in the oscillator are standard telecom-
munications devices. The wavelength-division multiplexer
(WDM) combines light from the 974-nm pump laser with
the 1550-nm signal light into a single core of optical fiber
that can then be connected to the gain fiber. The graded

index (GRIN) lenses in Fig. 2 are integrated into the fiber
and provide collimation into free space and coupling back
into the fiber. The optical isolator in the cavity forces oscilla-
tion in one direction. The isolator outside the cavity mini-
mizes feedback to the cavity from optical back reflections
downstream, which can destabilize the mode-locking pro-
cess. The free-space section of the cavity is needed solely for
the purpose of mode-locking the laser (to be described
shortly) and could be replaced with an appropriate saturable
absorber. The free-space section includes half and quarter
waveplates, which enable control over the complex polariza-
tion state of the light, as well as a polarizing beam splitter
(PBS), which passes one linear polarization and rejects the
orthogonal polarization.

The laser gain is provided by erbium-doped single-mode
fiber (�20 dB gain29) shown as the green portion of the cav-
ity in Fig. 2. This relatively high gain leads to the possibility
of high output coupling (the OC component in the figure), as
much as 50%. In order to achieve laser oscillation, the cav-
ity’s gain must be greater than the losses, which means mini-
mizing losses at fiber connections and careful alignment of
the free-space portion. Making connections with a fusion
splicer typically results in lower losses than coupling with
mechanical connectors. Typical threshold pump laser
currents—the point at which the gain just equals the losses—
for the laser in Fig. 2 are 55 mA for spliced connections and
115 mA for mechanical connectors. Since the threshold
pump current corresponds to cavity loss, it is helpful to mini-
mize this value when making new connections, adding com-
ponents, or optimizing the free-space portion of the cavity.

When pumped, the gain section glows green even though
the lasing wavelength is centered near 1550 nm and the
pump wavelength is at 974 nm. This can be explained by the
erbium atomic excitation process. As shown in Fig. 2, pump
light is coupled into the cavity using a WDM and excites the
erbium atoms via the 4I15=2!4I11=2 energy state manifold
transitions (see Fig. 3). The laser transition takes place
between the broad 4I13=2 and 4I15=2 manifolds leading to a
gain bandwidth of over 50 nm. The gain pumping process
includes the possibility of excited state absorption from the
4I11=2 manifold to the higher energy state manifolds with
the pump laser at 974 nm.30 Subsequent decay pathways to the
ground state can produce green fluorescence. This is a way to
monitor lasing. When the cavity changes from not lasing to
lasing (e.g., during alignment of the free-space cavity section),
for the same pump laser power, the green glow will dim due to
the laser mode’s use of the gain via stimulated emission.

When first aligned for lasing, the oscillator in Fig. 2 will
likely operate in a cw output state. Typical cw output powers
are in the range of 1–5 mW. To force the laser into a state
that favors generation of a single intracavity short pulse, sev-
eral common methods of passive mode-locking are possible,
including saturable dyes, carbon nanotube solutions applied
to fiber tapers15 or between connectors,27 and saturable semi-
conductor structures made from quantum wells or quantum
dots.31 The free-space section of the cavity shown in Fig. 2
may be replaced with such saturable absorbers to obtain
mode-locking.

Here, the mechanism for mode-locking is provided by a
nonlinear rotation of light polarization16 during propagation
in the cavity’s single-mode fiber. This rotation arises due to
variation in intensity between orthogonal polarization direc-
tions in the fiber, resulting in different phase shifts between
polarization components (due to the silica fiber’s nonlinear

Fig. 2. Er3þ-doped nonlinear polarization mode-locked fiber laser.

Approximate splice locations are indicated with an x symbol. WDM: wave-

length division multiplexer that combines different wavelengths; OC: output

coupler; PBS: polarizing beam splitter; GRIN: graded index lens collimator;

k=2ð4Þ: half- (quarter-)wave plate.
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index of refraction, n2). This results in a polarization rota-
tion, a behavior that is like an intensity-dependent optical
wave plate. When the polarization control elements (wave-
plates) in the free-space section of the cavity are properly
adjusted, a short pulse will propagate around the cavity and
see minimal loss when passing through the polarization
beam splitter (PBS). However, for the lower peak intensity
of cw light, which does not undergo nonlinear polarization
rotation, the losses at the PBS will be high. A short pulse
will therefore see more net round trip gain than that of the
background cw light, forcing the laser to evolve to support
only a single short pulse.

The laser in Fig. 2 is mode-locked by adjusting the quarter-
and half-wave plates in the free-space section of the cavity
and monitoring the output power and pulse repetition rate or
pulse spectrum. When mode-locked, repeated peaks will be
seen on a fast photodiode at the output and the pulse spectrum
will dramatically change from a narrow peak to a broad spec-
trum (>10 nm). Mode-locking is often found for waveplate
orientations where the cw power is very low (high loss for cw
light) and switches suddenly to a higher power condition with
short pulse operation (low loss state). We note that aligning
the waveplates for mode-locking can take some effort, search-
ing in a random-walk fashion over a large parameter space. It
can be helpful to only move one waveplate at a time so as to
not miss a potential mode-locking orientation. When one
waveplate is rotated fully, one of the others can be adjusted
slightly and the first can be rotated fully again. This process
can be extended to the third waveplate if the orientations of
the second are exhausted as well. If the single-mode fiber that
makes up most of the laser cavity is not fastened to the table
(e.g., taped down), repositioning of the fiber can change the
optimum position of the waveplates due to stress-induced
birefringence. Since the lifetime of the upper laser state is sig-
nificantly longer than a typical cavity round-trip time, mode-
locked average output powers are similar to optimized cw
powers (typically 1–5 mW).

The lengths of different fibers in the laser cavity shown in
Fig. 2 are listed in Table I. As discussed above, generating
and maintaining the shortest pulses requires careful attention
to the net round-trip dispersion. In fact, the laser may not
mode-lock at all if there is not proper dispersion. The short-
est pulses come from a laser oscillator that has a balance

between opposite signs of b00. Stable, soliton mode-locking
can be achieved in the laser oscillator shown in Fig. 2 by
assembling a cavity with net negative (anomalous) disper-
sion (e.g., SMF-28) in the cavity. Soliton mode-locking can
often be identified by a characteristically multi-peaked spec-
trum. These peaks are phase-matched sidebands originating
from the excess energy the soliton sheds in order to maintain
its constant energy and shape.32 Related to this is the fact
that soliton pulses in such a fiber laser are constrained in
duration and energy. In other words, they may not take full
advantage of the large erbium gain bandwidth or broadening
nonlinearities in the cavity.

The dispersion-balanced, stretched-pulse fiber laser of
Fig. 2 avoids the constraints of soliton pulse operation.13

Alternate sections of positive and negative dispersion single-
mode fiber allow the pulse to temporally expand and contract
in a single cavity round-trip. High energy pulses drive large
nonlinear broadening at cavity locations where pulse width is
minimal, while zero or slightly positive net dispersion in the
cavity avoids soliton solutions.14 This leads to spectrally
broad pulses, potentially broader than the gain bandwidth
due to strong nonlinearities, that are sometimes highly
chirped. However, extra-cavity dispersion compensation,
either through proper choice of fiber or using gratings as dem-
onstrated in Sec. V, can compress pulses to the sub-100 fs
level.13

Components such as WDMs typically use single-mode
fiber with negative (anomalous) dispersion at 1550 nm. The
cavity in Fig. 2 uses the Er3þ-doped gain fiber and fibers
with trade names DCF3 and DCF38 for positive (normal)
dispersion to balance the negative cavity dispersion.
Propagation loss at splices can be minimized by matching
fiber core radii (or the laser mode size). For example, in
Fig. 2 we spliced the following fiber sequence: Er gain fiber,
DCF38, DCF3, and SMF-28. These fibers have the following
respective sequence of laser mode sizes in lm: 6.5, 6.01, 8.1,
and 10.4. For this cavity, a 20% output coupler is near
optimum, yielding �5.5 mW average power. The free space
section is approximately 12 cm. The WDM between the
300 mW pump laser diode and the WDM that couples pump
light into the cavity isolates the pump laser diode from the
spectrally broad amplified spontaneous emission from the
gain section.

IV. PULSE CHARACTERIZATION

The pulse repetition rate from the mode-locked laser in
Fig. 2 can be measured directly with a fast photodiode. This
is also a helpful way to monitor the onset of mode-locking.

Fig. 3. Er3þ-doped silica fiber energy level structure (not to scale).

Transitions are inhomogeneously broadened due to local Stark-shifting elec-

tric fields. Pumping for the 4I13=2!4I15=2 laser transition can also be done at

1480 nm directly to the top of the 4I13=2 manifold. Excited state absorption

of the pump light from the 4I11=2 manifold leads to green fluorescence.

Table I. Net single-mode fiber cavity dispersion computation example.

Fiber Length (cm) b00 ½ps2=km�

SMF-28 89 �23a

Corning Flexcor 1060 56 �7a

DCF38, Corning Vascade S1000 56 47b

DCF3, Corning Vascade LSþ 19 3.8b

Er3þ-doped 71 6.1c

Net cavity dispersion � � � 0.007 ps2

aReferences 13 and 14, consistent with modeling.
bThorlabs specifications.
cModeling estimate.
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Figure 4 shows the signal from an InGaAs photodetector
(Thorlabs DET01CFC, specified 1.2 GHz bandwidth, and
<1 ns rise time). This detector is not fast enough to fully
characterize the 100-fs pulses, but it can measure the repeti-
tion rate. The data in Fig. 4 show a pulse period of 18 ns,
which corresponds to a repetition rate of �55 MHz and a
cavity length of �3.7 m using a nominal fiber index of
refraction of n¼ 1.5.

Sub-picosecond light pulses from a mode-locked laser can be
measured using the intensity correlation between the pulse and a
time delayed version of itself using an interferometer as shown
in Fig. 5.33 We consider a pulse with field E(t) that is coincident
on a linear photodetector with a time-delayed version of itself,
Eðt� sÞ. The resulting photocurrent is proportional to the time
average of the optical power, which is proportional to
EðtÞE�ðt� sÞ. Using the convolution theorem, one can show
that the measured signal, as a function of the delay s, corre-
sponds to the Fourier transform of the pulse’s power spectrum,
j ~EðxÞj2. Any spectral phase information is therefore lost. As a
result, a chirped pulse will show the same signal as a Fourier-
transform-limited pulse with the same spectrum.

A second-order autocorrelation, however, will yield infor-
mation about the pulse duration. (Special techniques such as
frequency-resolved optical gating34 are generally necessary
to completely characterize the pulse, however, including any
pulse asymmetry since autocorrelations are inherently sym-
metric regardless of pulse shape.) This can be obtained by
using a detection system with a nonlinear, second-order
response (e.g., second-harmonic generation). In this case, the
resulting signal is proportional to

SðsÞ ¼
ð1
�1

< jðEðtÞ þ Eðt� sÞÞ2j2 > dt; (3)

where the angled brackets indicate a time average over the
high-frequency carrier oscillations and the integral indicates
integration over the pulse envelope. Following the treatment
of Ref. 22, the signal can be written as

SðsÞ ¼ XðsÞ þ Re 4YðsÞeix0s
� �

þ Re 2ZðsÞei2x0s
� �

; (4)

where Re indicates the real part. The lettered terms
XðsÞ; YðsÞ, and ZðsÞ on the righthand side in Eq. (4) are time

averages of the products of fields from each arm (order of
E4). They are separated in Eq. (4) according to harmonics of
x0s.

The first term, XðsÞ, is proportional to the intensity auto-
correlation. The second and third terms in Eq. (4) contain
interference terms, which can be used to extract phase infor-
mation about the pulse. The variation in the terms containing
YðsÞ and ZðsÞ leads to interference fringes in the autocorrela-
tion during measurement with a photodetected frequency
related to the driving amplitude and frequency of the speaker
used to scan the delay, ffringe ¼ 4d

k � fdelay, where d is the
amplitude, k is the center wavelength, and fdelay is the driving
frequency. For example, if the speaker is moved through 100
photodetected fringes in half its period of 50 ms, d ¼ 100 k

2
and the photodetected fringes have a frequency of approxi-
mately 4 kHz. Therefore, when the driving frequency is suffi-
ciently high compared to the photodetection bandwidth
scaled by � d

k, the rapidly varying terms containing YðsÞ and
ZðsÞ can be washed out, leaving only the intensity autocorre-
lation signal XðsÞ. All three autocorrelation terms are explic-
itly given in supplementary material Sec. S.IV.

The scanning Michelson interferometer used for the auto-
correlation is shown in Fig. 5 and a photograph in Fig. 6.
The beam is split into two arms and displaced on its return
via precision hollow gold retroreflectors. These mirrors mini-
mize feedback to the laser and aid in alignment. One retrore-
flector is mounted in the center of a common loudspeaker
and driven at low amplitude and frequency (�20 Hz). The
retroreflector is attached to the center of the loudspeaker
with epoxy. The retroreflector in the other arm is mounted
on a precision linear stage, which is necessary to find the
zero-delay position (where the optical path length is the
same in both arms). We have also built a similar apparatus
with planar mirrors instead of the more expensive retrore-
flectors. This choice of optics works well, although slight
misalignment may be necessary to avoid feedback to the
laser. To obtain only the intensity autocorrelation, the
speaker is driven at higher frequency/amplitude such that
the interference fringes are washed out (�20 Hz). For the full
interferometric autocorrelation, the speaker is driven at low
frequencies (<1 Hz) with a detector bandwidth of 1 MHz.

Fig. 4. Pulses from the mode-locked laser oscillator obtained with an

InGaAs photodetector with a specified 1.2 GHz bandwidth and <1 ns rise

time.

Fig. 5. Autocorrelator (AC). The second-order correlation between the laser

pulse and a delayed version of itself is enabled by two-photon absorption in

a simple silicon detector as shown in the indirect bandgap diagram at lower

right, where the photocurrent is proportional to the square of intensity. The

detector has a 1 MHz bandwidth; the speaker frequency can be used to

include (interferometric AC) or average over (intensity AC) the interference

fringes.
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In either case, care should be taken to avoid attenuating the
signal due to detection bandwidth.

The nonlinear detection is obtained using the two-photon
photocurrent from a common silicon photodiode. For silicon,
Ebg=2 < Ephoton < Ebg, where Ebg is the indirect band gap
energy of silicon and Ephoton is the photon energy of the
1550-nm light pulse.35,36 We verified the second-order
response (S / I2) of the photodetector by measuring the sig-
nal as a function of average power at the detector. These
data are shown in the inset of Fig. 7 and show a quadratic
dependence—consistent with two-photon absorption—up to
13 mW. Note that a two-photon signal is only seen when
mode-locked.

Figure 7 shows the measured interferometric autocorrela-
tion for the mode-locked Er fiber laser in Fig. 2. One advan-
tage of the interferometric autocorrelation is that the
interference fringes between the two arms of the interferom-
eter can be used to calibrate the time axis: the measured
phase of the interferometric signal is x0s. More specifically,

the time axis can be calibrated by multiplying it by the ratio
of the period of the light (c/k where the central wavelength
k ¼ 1550 nm) to the period of the measured autocorrelation
interference fringe.

To confirm that the measured signal is accurate, one can
check the signal to background ratio when aligning. From
Eq. (3), we can see that for long delays, when the pulses
from each arm no longer overlap, a signal background pro-
portional to EðtÞ4 þ Eðt� sÞ4 ¼ 2E4 should be measured.
At zero delay (s¼ 0), a signal proportional to jEðtÞ þ EðtÞj4
¼ 16E4 should be measured. Therefore, the interferometric
autocorrelation should have a signal to background ratio of
8:1. Similarly, using only the intensity autocorrelation term
XðsÞ from Eq. (4), the intensity autocorrelation will yield
a ratio of 3:1. This is outlined in supplementary material
Sec. S.IV, where XðsÞ is expanded.

Significant chirp on a pulse due to dispersion in propaga-
tion results in a distinctive distortion of the interferometric
autocorrelation, with a reduction in the fringe contrast. An
example of an interferometric autocorrelation with signifi-
cant pulse chirp is shown in Fig. 9(a). Here, the output pulse
from the laser was passed through a fiber amplifier, where
the combination of dispersion and self-phase modulation
added significant chirp.

Linear pulse chirp (quadratic phase modulation) can be
easily modeled and compared to autocorrelation data by
assuming a symmetric, Gaussian pulse envelope of the form:
EgðtÞ ¼ exp ½�ð1þ iaÞðt=sp;gÞ2 � ix0t� þ c:c:, where sp;g is
the FWHM of the pulse duration, and a is a dimensionless
parameter that determines the amount of chirp on the pulse.22

For nonzero a, this pulse has an instantaneous frequency,
d/ðtÞ=dt, that is linearly dependent on time (see pulse on left
in Fig. 1). The autocorrelation signal [Eq. (3)] for EgðtÞ can
be determined analytically. We used the envelope of the
resulting analytical solution to analyze the autocorrelation in
Fig. 7. The upper and lower envelopes of the analytic expres-
sion are fit to the data using a and sp;g as parameters. From
this fitting procedure, we estimate sp;g � 220 fs and a � 2.

The spectrum of the Er fiber laser was measured using an
optical spectrum analyzer and is shown in Fig. 8. As discussed
previously, the inverse Fourier transform of this spectrum gives
the minimum possible pulse duration. If one assumes a common
pulse shape such as a Gaussian or hyperbolic secant (see the
supplementary material Sec. S.II), the relationship between
pulse duration sp (FWHM), and the spectral width, D�
(FWHM), is already known. This can be used to make an esti-
mate of the minimum pulse duration. For example, in Fig. 8 the
width of the pulse spectrum, 27.8 nm, corresponds to a
bandwidth-limited pulse duration of sp¼ 159 fs, assuming a
Gaussian pulse envelope. The autocorrelation measurement in
Fig. 7 shows a 38% increase in the minimum possible pulse
duration. This is not uncommon, as propagation of the pulse
through various amounts of fiber can quickly add chirp to the
pulse. A qualitative measure of chirp in an interferometric auto-
correlation can be obtained from the size of the upward indents
in the bottom of the signal, such as those seen at about a 6200
fs delay in Fig. 7. The larger these indents are, the more chirp
the pulse contains.

V. PARALLEL GRATING DISPERSION

COMPENSATOR

Pulses often emerge from the mode-locked laser with
some degree of chirp. Even nearly chirp-free soliton pulses

Fig. 6. Autocorrelation apparatus. The hole spacing on the breadboard and

table is one inch. The precision hollow gold corner cube is mounted on an

inexpensive loudspeaker to interfere a pulse with itself with variable delay

on the silicon photodiode. Preceding the detector are an iris and lens

(f � 2:5 cm). BS: beam splitter.

Fig. 7. Interferometric autocorrelation trace. The right inset plots the fringes

around zero delay that correspond to the center optical frequency of the

pulse spectrum. The left inset shows the two-photon response (/ I2) of the

common silicon photodetector to pulses at 1550 nm.
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experience dispersion in extra-cavity fiber. Several methods
of removing chirp are used in practice, including adding
fibers with appropriate lengths and signs of b00. Here, we
demonstrate temporal compression by using a pair of high-
efficiency transmission gratings to spatially distribute the
pulse spectrum to control relative path lengths and therefore
relative delay (GDD) across the pulse spectrum. A more
complete description of the apparatus and concepts can be
found in the supplementary material Sec. S.V.

We tested the effect of the grating dispersion compensator
(compressor) by measuring the pulses from the stretched-
pulse laser in Fig. 2 before and after compression. We first
amplified the pulses after the oscillator to increase the mea-
surement signal-to-noise ratio. The amplifier comprised a
280 mW laser diode at 974 nm that pumped a 58 cm Er3þ-
doped gain fiber, copropagating with the light from the oscil-
lator. WDMs after the gain section filter the residual pump
light. Interferometric autocorrelation traces are shown for
pulses following the amplifier and parallel grating dispersion
compensator in Figs. 9(a) and 9(b), respectively. (Note the
different horizontal scales.) The amplifier can broaden the
spectrum through the nonlinear process of self-phase modu-
lation as seen in the inset of Fig. 9(b). The average laser
power into the autocorrelator directly after the amplifier was
21 mW. The average power was 17 mW just before coupling
into the fiber to the autocorrelator after the dispersion com-
pensator (see Fig. S1 in supplementary material Sec. S.V).
With careful grating alignment, spatial mode quality can be
sufficient to couple greater than 80% back into a single-
mode fiber.

The grating compressor removed much of the chirp and
shortened the pulse. We optimized the grating separation
by monitoring the autocorrelation. The positive dispersion
introduced by the fiber amplifier (4 m, 0.19 ps2 net dis-
persion) created a strongly up-chirped pulse as shown in
Fig. 9(a). The grating compressor introduces a net negative
GDD, allowing us to minimize the overall second order
dispersion by adjusting the grating separation. We found
an optimal grating separation of 3.5 mm, which corre-
sponds to b00 � l ¼ �0:086 ps2 according to Eq. (S10) with a
grating line density of 966 l/mm.

Assuming a Gaussian pulse envelope, a fit to the narrow
portion of the intensity autocorrelation in the inset of
Fig. 9(a) yields a pulse width of 108 fs, FWHM, a reduction
in chirped pulse width by a factor of thirteen. Fifty percent
of the area underneath the autocorrelation data is contained
in this Gaussian fit. The intensity autocorrelation in the
inset of Fig. 9(a) was obtained by averaging the interfero-
metric autocorrelation. A software time-averaging proce-
dure is equivalent to increasing the frequency of the
speaker in Fig. 5. For example, the intensity autocorrelation
in the inset of Fig. 9(a) was obtained by increasing the
speaker frequency from 5 mHz (interferometric) to 1 Hz for
the same amplitude. The pedestal on the autocorrelation is
likely due to higher-order chirp (e.g., quadratic, b000). The
pulse spectrum after the amplifier is shown as the black
trace in the inset of Fig. 9(b). For comparison, the
continuous-wave oscillator spectrum is shown as the gray
trace in the inset of Fig. 9(b).

VI. FURTHER WORK

We have described results and experimental details of an
undergraduate ultrafast optics advanced laboratory using rel-
atively low-cost components. The stretched-pulse mode
locked Er3þ fiber laser can be built for �7400 USD (see the

Fig. 9. Autocorrelations (ACs) of pulses after the pre-amplifier (a, black)

and after the grating dispersion compensator (b, red). The corresponding

intensity ACs are shown in the inset of (a). The pulse spectrum after the

amplifier (black) and the cw oscillator spectrum (gray) are shown in the inset

of (b). Note that the horizontal scales of (a) and (b) are different.

Fig. 8. Pulse spectrum from mode-locked laser oscillator output. The full

width at half-maximum (FWHM) is 27.8 nm, which corresponds to a

bandwidth-limited pulse duration of 159 fs, assuming a Gaussian pulse enve-

lope. The FWHM can be determined with a linear scale or by measuring the

width �3 dBm from the maximum in a logarithmic scale such as the one

shown here.
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detailed parts list in Table SI in the supplementary material).
Instead of connecting fibers with a user-friendly fusion
splicer, the cost of which is roughly half the total, one may
instead use FC/APC connectors at fiber junctions. We have
recently built such a laser that produces pulses of 108-fs
duration at a cost of 3900 USD. The mode-locking mecha-
nism could be simplified by using a fast saturable absorber
such as a carbon nanotube (CNT) solution.37,38

The spectral data shown here were obtained with a rela-
tively expensive optical spectrum analyzer (OSA, Ando
AQ6315B). Many salient features of ultrashort pulses (auto-
correlation analyses, dispersion management, repetition rate)
can be observed without an OSA. Instead, a relatively afford-
able near-infrared spectrometer could be built using a linear
InGaAs array and a grating, which could be calibrated using
the first and second order of the 974-nm pump diode. An
even less expensive option might use concave mirrors and a
NIR-blazed grating mounted on a small stepper motor. In
this constant deviation imaging monochromator, the motion
is carefully calibrated and controlled to scan spectra across a
small InGaAs photodiode.

A single mode-locked laser such as the one described here
can provide a link between optical and radio frequency sour-
ces or be used for spectroscopy purposes if extended into an
optical frequency comb.39 Designs for such fiber frequency
combs have become common and well-documented28 and
could provide a foundation for future advanced laboratories.
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