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We describe an ultrafast optics advanced laboratory comprising a mode-locked erbium fiber laser,
auto-correlation measurements, and a free-space parallel grating dispersion compensation apparatus.
The simple design of the stretched pulse laser used nonlinear polarization rotation mode-locking to
produce pulses as narrow as 108 fs, full-width at half-maximum, at a repetition rate of 55 MHz and
average power of 5.5 mW from the laser oscillator. A pre-amplifier following the oscillator increased
average power to 21 mW. Interferometric and intensity auto-correlation measurements were made
using a Michelson interferometer that takes advantage of the two-photon nonlinear response of a
common silicon photodiode for the second order correlation between 1550 nm pulses. A parallel
grating dispersion compensation apparatus decreased chirp and increased peak intensity, narrowing
the pulse width by a factor of 13. A detailed parts list includes previously owned and common parts
used by the telecommunications industry, which may decrease the cost of the lab to within reach of
many undergraduate departments.

I. INTRODUCTION

Laboratory experiences for undergraduates beyond
their first year of study may provide significant opportu-
nities for physics and engineering education and research.
In an advanced lab, students can make hands-on con-
tact with important historical experimental milestones
and contemporary phenomena, or begin experiences with
open-ended projects that approach that of a productive
research lab. Growing attention is being given to ad-
vanced undergraduate physics laboratories by researchers
and educators. [1, 2] New labs have been developed as
well as formal analysis of their pedagogical aspects. [3–
5] Here we describe an ultrafast optics lab that has a
relatively low cost to develop and is perhaps somewhat
uncommon in the undergraduate lab. 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 combs [6]
are mature yet continue to find new and interdisciplinary
applications.

The apparatus described below are intended to be rel-
atively inexpensive [7] in large part due to the availabil-
ity of telecommunications components and equipment.
Not including the optional optical spectrum analyzer,
the mode-locked laser system can be built for under
7000 USD, which is dominated by the fiber fusion splicer.
The auto-correlation apparatus can be built for approx-
imately 2000 USD, which includes precision gold corner
cube retroreflectors. The parallel grating pulse compres-
sion apparatus can be built for around 1200 USD, which

includes high efficiency transmission gratings. (See Ta-
bles II–V for details.)

The lab described here has been developed primarily
in the context of two upper-level undergraduate physics
courses at Bethel University: Optics (PHY330) and Top-
ics in Contemporary Optics: Lasers (PHY430). Both
courses include a comprehensive classroom lecture com-
ponent and seven-week, open-ended laboratory research
projects. The projects follow four weeks of prescribed
lab exercises such as building and characterizing a he-
lium neon laser. Typical course enrollment has been ap-
proximately 20 students in recent years, which has corre-
sponded to 6-8 projects each semester of three students
per group. Students have pursued experimental research
questions in areas such as nonlinear optics, interferomet-
ric measurements, quantum optics, atomic and molec-
ular spectroscopy, plasmonics, optical tweezers, hologra-
phy, stabilized laser diodes, and lithium laser cooling and
trapping. The first ultrafast optics project group in Op-
tics built a continuous wave erbium-doped fiber laser in
spring, 2013 [8] and the second group in Lasers mode-
locked the laser and characterized the resulting 100 fs-
level pulses using a home-built auto-correlator in spring,
2014. [9]

The student learning goals of the advanced lab projects
include the following.

• Deep understanding of the physics: connect theory to
experiment in a meaningful way, make connections be-
tween theoretical concepts

• Engagement, passion and ownership: pursue own
ideas, spend extended unprompted time in the lab, en-
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gage with the literature and textbooks, feel excited
about the project, have animated discussions with
classmates and instructor

• Thinking like a physicist : use estimations and scal-
ing relationships, make quick tests in the lab, analyze
data on-the-fly, show evidence of back-of-the-envelope
thinking

• Progress in technical skill : ask and answer “how does it
work?” about physics and instrumentation, work care-
fully to design the experiment, evaluate measurements
and data analysis

• Confidence and clarity : show progressing self-
confidence in experimental abilities, develop greater as-
surance of career choice(s) within the full breadth of
physics or engineering

• Dissemination: explain experiment and physics in a
manuscript and oral presentation

• Appreciate the importance of lasers and optics in sci-
ence and industry

While these goals were developed independently for ad-
vanced lab courses at Bethel University, we note their
similarity to the learning outcomes for undergraduate
laboratory curricula stated by the American Association
of Physics Teachers in 2014. [2] We have only anecdotal
evidence of the degrees of success of these goals, including
discussions, exams, course evaluations, and group pre-
sentations and manuscripts. However, we are currently
systematically assessing student project ownership out-
comes, the results of which will be reported elsewhere.
The data and apparatus described in this manuscript
were achieved by the undergraduates in these advanced
lab project groups, as well as some summer and semester
research students.

Following are sections briefly describing the introduc-
tory physics, apparatus and operating advice for the
mode-locked fiber laser (Sec. II), the auto-correlator (Sec.
III) and parallel grating dispersion compensator (Sec.
IV). These sections may provide guidance for an ad-
vanced lab instructor or undergraduate researcher in this
field. There is a large amount of related literature.
We find Refs. [10–17] helpful for the mode-locked fiber
laser, Refs. [18–20] for pulse characterization, and Refs.
[15, 20, 21] for the external parallel grating dispersion
compensation apparatus.

II. MODE-LOCKED LASER

The erbium-doped fiber laser oscillator is shown in a
photograph in Fig. 1. It is based on the stretched-pulse
mode-locked laser of Ref. [10]. A desirable feature of
erbium laser wavelengths is their convenience with re-
spect to common fiber dispersion. The combination of
waveguide and material dispersion enables one to uti-
lize fibers with net positive or negative dispersion. For
example, certain commercially available fibers have the

same dispersion magnitude but opposite sign with re-
spect to the common single mode fiber SMF-28. The self-
amplitude modulation required for passive mode-locking
is provided by rotation of elliptical polarization in the
cavity. The variation in irradiance along orthogonal po-
larization modes leads to relative nonlinear phase shifts
due to the optical Kerr effect and a corresponding po-
larization ellipse rotation. [13] The laser, diagrammed in
Fig. 2, is mode-locked by aligning the wave plates such
that the polarization state passing through the polariz-
ing beamsplitter in the cavity corresponds to the highest
irradiance – pulses see the lowest cavity loss. We note
that a simple alternative to the free-space section is a ta-
pered section of fiber in the cavity that is surrounded by
carbon nanotubes, which act as a fast saturable absorber
and leads to mode-locking.[12]

pump diode laser

gain
free-space polarization
optics

Figure 1: Nonlinear polarization rotation mode-locked
Er3+-doped fiber laser. The free space portion of the
cavity is at left and includes three wave plates and a

polarizing beamsplitter for 1550 nm. The erbium-doped
gain section glows green due to excited state absorption

of the pump light at 974 nm.

The green, glowing part of the fiber cavity in the right
part of Fig. 1 is the erbium-doped gain section. The glow
can be explained by consideration of the gain atomic ex-
citation process. As shown in Fig. 2, a pump laser at
974 nm is coupled into the cavity using a wavelength di-
vision multiplexer (WDM) and excites the erbium atoms
via the 4I15/2 →4 I11/2 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 band-
width of over 50 nm. The gain pumping process includes
the possibility of excited state absorption from the 4I11/2
manifold to the 4F7/2 manifold with the pump laser at
974 nm. [22, 23] Subsequent fast non-radiative decay to
the nearby 4H11/2 and 4S3/2 manifolds and green fluo-
rescence to the ground state is a way to monitor lasing.
When the cavity changes from not lasing to lasing, for the
same pump laser power, the green glow will dim due to
the laser mode’s use of the gain via stimulated emission.

The lengths of fiber sections in the laser cavity shown
in Fig. 2 for the data in the following sections (e.g. Fig.
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Figure 2: Er3+-doped nonlinear polarization
mode-locked fiber laser. Approximate splice locations
are indicated with an x symbol. WDM: wavelength

division multiplexer; OC: output coupler; PBS:
polarizing beam splitter; GRIN: graded index; λ/2(4):

half- (quarter-)wave plate.

13) are listed in Table I. Components such as WDMs
typically use standard single-mode fiber, which have neg-
ative (anomalous) dispersion for light at 1550 nm. The
cavity in Fig. 2 uses the Er3+-doped gain fiber, DCF3
and DCF38 for positive (normal) dispersion. Propaga-
tion loss at splices can be minimized by matching fiber
core radii or mode size. For example, in Fig. 2 we spliced
the following fiber sequence: gain fiber, DCF38, DCF3,
and SMF-28. These fibers have the following respective
sequence of single mode field diameters in µm: 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 sponta-
neous emission from the gain section. The isolator after
the OC protects the laser cavity from destabilizing feed-
back.

Propagation of laser light in optical fiber can be de-
scribed by a nonlinear Schrödinger equation. Following
the treatment of Ref. [20], lossless propagation along the
fiber z-axis of the normalized pulse electric field enve-
lope function, A(Z, T ), is described in the slowly varying
envelope approximation by

∂A
∂Z

= i
sgn(β2)

2

∂2A
∂2T

− i|A|2A. (1)

In Eq. 1, sgn(β2) is the sign of β2, and Z and T are
dimensionless space and time parameters that have been
normalized using characteristic dispersion lengths, times,
and material parameters. The electric field envelope has
been normalized such that |A(Z, T )|2 represents instan-
taneous power normalized to a characteristic peak power
that considers effective mode area. (See Ref. [20], Chpt.
6 for a full explanation.) The first term on the right
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Figure 3: Er3+-doped silica fiber energy level structure
(not to scale). Transitions are inhomogeneously

broadened due to local Stark fields. Pumping for the
4I13/2 →4 I15/2 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.

hand side describes the effects of dispersion – parame-
terized through dimensionless time T by β2 that will be
described below – and the second describes the fiber non-
linearity. The latter arises from a perturbative treatment
of a nonlinear (NL) material polarization response ap-
proximated as PNL ∝ δnNLA. The nonlinear response is
assumed to be instantaneous with δnNL ∝ n2|A|2, where
n2 is the third-order (χ(3)-type) index of refraction used
to describe the common optical Kerr nonlinear refractive
index, n = n0 + n2I, where I is laser irradiance.

Equation 1 can be used to understand several of
the dominant physical mechanisms leading to results
in this advanced lab. Ignoring dispersion (i.e. β2 =
0), the solution for the pulse envelope in Eq. 1 is
A(Z, T ) = A(0, T ) exp (−i|A(0, T )|2Z), where A(0, T ) is
the normalized electric field envelope at Z = 0. Be-
cause the instantaneous frequency of the pulse is the
time derivative of its total phase, the pulse experi-
ences an intensity-dependent (instantaneous power per
effective mode area) frequency modulation according to
∆ω(Z, T ) = −∂/∂T (|A(0, T )|2Z). This self-phase mod-
ulation (SPM) leads to spectral broadening and a linear,
positive increase in frequency with time (positive chirp)
in the middle of the pulse. Under real fiber propagation
conditions, dispersion effects can temporally broaden or
compress the pulse, depending on the sign of dispersion.

If the sign of the dispersion in the fiber is neg-
ative (β2 < 0), a solution to Eq. 1 is A(Z, T ) =
sech (T ) exp (−iZ/2), which is commonly called the fun-
damental soliton since it does not change shape or am-
plitude with propagation distance. In this case, negative
dispersion balances the effect of self-phase modulation on
the pulse. Stable, soliton mode-locking can be achieved
in the laser oscillator shown in Fig. 2 by adding large
amounts of negative dispersion fiber (e.g. SMF-28) to the
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cavity. Soliton mode-locking can often be identified by
a characteristically multi-peaked spectrum. These peaks
are phase-matched sidebands originating from the excess
energy the soliton sheds in order to maintain its con-
stant energy and shape.[24] 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 stretched-pulse fiber laser of Fig. 2 avoids the con-
straints of soliton pulse operation. [10] Alternate sections
of positive and negative dispersion single-mode fiber al-
low the pulse to temporally expand and contract in a sin-
gle cavity round-trip. High energy pulses drive large non-
linear broadening through SPM at cavity locations where
pulse width is minimal, while zero or slightly positive net
dispersion in the cavity avoids soliton solutions. [11] This
leads to spectrally broad pulses, potentially broader than
the gain bandwidth due to strong nonlinearities, that are
sometimes highly chirped. However, extra-cavity disper-
sion compensation, either through proper choice of fiber
or using gratings as demonstrated below, can compress
pulses to the sub-100 fs level.

We used a Mathematica routine, originally by K.
Tamura [10, 11], to estimate the net cavity dispersion
that includes material (chromatic) and waveguide dis-
persion. Because this computation requires details of the
fiber such as indices and radii, we rely on nominal spec-
ifications for the positive dispersion fiber, which has a
complicated core structure and proprietary index infor-
mation. The values for dispersion as characterized by β2
in Table I, which will be discussed below, include waveg-
uide dispersion, nominally so for the commercial specifi-
cations.

Fiber Length [cm] β2 [ps2/km]

SMF-28 89 -23a

Corning Flexcor 1060 56 -7a

DCF38, Corning Vascade S1000 56 47b

DCF3, Corning Vascade LS+ 19 3.8b

Er3+-doped 71 6.1c

Net cavity dispersion 0.007 ps2

a Refs. [10, 11], consistent with modeling
b Thorlabs specifications
c Modeling estimate

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

III. PULSE CHARACTERIZATION

As discussed above, the relatively broad spectrum of
sub-picosecond laser pulses propagating in single mode
optical fibers requires careful consideration of mate-
rial (chromatic) and waveguide dispersion as well as
fiber nonlinear effects. Figure 4 illustrates the effect

of dispersion on pulses: spectral groups propagate with
different velocities, which may result in a nontrivial
time-dependent frequency or frequency-dependent spec-
tral phase. This chirped pulse results in a temporally
stretched (or compressed) pulse with propagation along
the fiber. The material dispersion can be characterized
by expanding the spectral phase of the light pulse, φ(ω),
in a Taylor series around the central frequency in the
pulse spectrum, ω0:

φ(ω) = φ(ω0) +

[
dφ

dω

]
ω0

(ω− ω0) +
1

2

[
d2φ

dω2

]
ω0

(ω− ω0)2+

1

6

[
d3φ

dω3

]
ω0

(ω − ω0)3 + · · · . (2)

Equation 2 expresses the linear and nonlinear terms
of material dispersion. The first square-bracketed term
has the dimension of time and represents the group de-
lay. Pulses with constant spectral phase or linear de-
pendence on frequency are said to be bandwidth lim-
ited. Linear dependence leads only to a temporal shift
in the Fourier transform of the power spectrum of the
pulse, not temporal broadening. This is also the case
for constant or linearly dependent temporal phases, the
latter case leading to a shift in center frequency. [20]
The second bracketed term – the curvature of the phase
evaluated at ω0 – represents the group delay dispersion
(GDD). This term is proportional to the curvature of
the index of refraction, n(λ), with respect to wavelength:
d2φ/dω2 = (λ3l/4πc) d2n/dλ2, where l is some material
propagation distance. The third term on the right-hand
side of Eq. 2 can be understood as the linear dispersion
because it corresponds to a linear term in frequency when
considering dφ/dω. To minimize pulse broadening one
must balance this term across the cavity fiber materials
to nearly zero. [10] The cubic term in Eq. 2 (quadratic
when considering the dispersion expression for dφ/dω)
may also be significant. Additionally, for extremely short
pulses (<10 fs), higher-order terms may play a role.

In short-pulse, free space lasers such as Ti:sapphire
lasers, dispersion balancing can be done with the in-
troduction of intracavity transparent materials, disper-
sive optics, or with specially engineered multi-layer anti-
reflection coatings on mirrors. [25] In single-mode fiber
lasers such as the one described in this paper, dispersion
can be managed by choosing fiber materials with differ-
ent signs and magnitudes of terms in Eq. 2 and various
lengths, being careful to include the effects of waveguide
dispersion, which considers core and cladding radii and
index steps.

Alternatively, one can express material dispersion in
terms of the wave vector magnitude, or propagation
constant, β(ω) ≡ n(ω)ω/c = −φ(ω)/l, where n(ω) is
the index of refraction and l is some propagation dis-
tance, and expand it around ω0 as in Eq. 2. In that
case, the ω-dependent terms have coefficients β1 ≡ 1/vg,
β2 = dβ1/dω = (−1/v2g) dvg/dω, etc., where β1 is in-
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Figure 4: Simulation of chirped and un-chirped pulses,
showing the effect of group delay dispersion.

versely proportional to the group velocity, vg, and β2 is
the group velocity dispersion (GVD). The term β2 of-
ten carries units of ps2/km. In some parts of the lit-
erature, particularly industrial or commercial, material
dispersion is described primarily in terms of a closely re-
lated quantity, D ≡ dβ1/dλ = (−2πc/λ2)β2, which often
carries units of ps/km·nm. Note that the dispersion pa-
rameter, D, and β2 have opposite signs but describe the
same physical phenomenon, which sometimes requires ex-
tra care in analyzing total material dispersion. In much
of the literature, spectral regions with positive and neg-
ative β2 are denoted as positive and negative dispersion,
respectively, and are also called normal and anomalous
dispersion, respectively. As noted above, a fiber cav-
ity with highly anomalous dispersion (β2 < 0) can sup-
port soliton oscillation due to the balance between ma-
terial dispersion and nonlinear fiber effects such as SPM.
[11, 15]

The pulse repetition rate from the mode-locked laser
in Fig. 2 can be measured directly with a fast photodi-
ode that is sensitive to light at 1550 nm. We coupled
light from the rejection port of the polarizing beamsplit-
ter (PBS) in the free space portion of the cavity into a
fiber. An output coupler on this fiber directs some light
to the optical spectrum analyzer to monitor the onset of
mode-locking (i.e. spectral broadening). The other por-
tion is directed to an InGaAs photodiode to monitor the
repetition rate. This signal is also helpful to monitor the
onset of mode-locking. Figure 5 shows the signal from an
InGaAs photodetector (Thorlabs DET20C), although a
simple circuit using a biased InGaAs photodiode would
suffice. This detector is not fast enough to characterize
the 100 fs-level pulses but it can measure the repetition
rate. The data in Fig. 5 shows 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 fiber index of refraction
of n=1.5.

Sub-picosecond light pulses from a mode-locked laser
can be characterized by measuring the correlation be-
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Figure 5: Pulses from the mode-locked laser oscillator
obtained with an InGaAs photodetector.

tween a pulse and a delayed version of itself. A second-
order interferometric correlation can yield information
about the pulse’s phase and amplitude, although special
techniques such as frequency-resolved optical gating [26]
are generally necessary to completely characterize these
quantities. Consider a pulse with field E1(t) that is co-
incident on a material with a nonlinear, second-order re-
sponse (e. g. through second-harmonic generation) with
a version of itself delayed by time τ , E2(t − τ). The re-
sulting photocurrent signal in a photodiode detector is
proportional to

S(τ) =< |(E1(t) + E2(t− τ))2|2>, (3)

where the brackets indicate time averaging. This
auto-correlation procedure is done here using two-photon
absorption in a common silicon photodiode for which
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. [27] We verified the second-
order response (S ∝ I2) of the photodetector by measur-
ing the DC auto-correlation signal at large delay (i.e. no
pulse overlap) as a function of average power at the de-
tector. This data is shown in the inset of Fig. 8, and
shows a quadratic dependence – consistent with two-
photon absorption – up to 13 mW. Equation 3 is consis-
tent with a second-order perturbative treatment of the
incident fields’ interaction with the charge carriers in the
semiconductor.[28]

The auto-correlation apparatus – a scanning Michel-
son interferometer – is shown in a diagram in Fig. 6 and
in a photograph in Fig. 7. Light is coupled from the
laser through SMF-28 single-mode fiber, passing through
a fiber optical isolator, to an FC/APC lens coupling mod-
ule (see parts list). The latter feature aids in moving the
laser output between the auto-correlator, grating disper-
sion compensator, and spectrum analyzer. As shown in
Fig. 6, the beam is split into two arms and displaced on
its return via precision hollow gold retroreflectors. These
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Figure 6: Auto-correlator. 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 irradiance.

mirrors minimize feedback to the laser and aid in align-
ment. One retroreflector is mounted in the center of a
common loudspeaker and driven at low amplitude and
frequency (<1 Hz for interferometric signals, depend-
ing on detector bandwidth). The retroreflector in the
other arm is mounted on a precision linear stage, which
is necessary to find the zero-delay point of the apparatus,
where the optical path length is the same in both arms.
The front-surfaced beamsplitter leads to unequal propa-
gation distances through its interior for the two arms of
the interferometer, the dispersion of which could become
important for pulses on the level of 10 fs duration. A
solution for this asymmetric dispersion in the beamsplit-
ter is a compensation plate in one of the interferometer’s
arms. This is necessary for a balanced white light inter-
ferometer, for example. [29]

Following the auto-correlation treatment of Ref. [19],
the two-photon photocurrent in the detector of Fig. 6 can
be written by including the full expressions for the fields
in each arm, E1,2, that include time t, pulse delay time
τ and laser frequency ωl in Eq. 3,

S(τ) = A(τ) +Re
[
4B(τ)eiωlτ

]
+Re

[
2C(τ)ei2ωlτ

]
. (4)

Each lettered term on the right hand side in Eq. 4 is
a time average of various products of E1 and E2 on the
overall order of E4 and their relative phases. They are
separated in Eq. 4 according to delay frequency harmon-
ics, ωlτ . The first term, A(τ), is a DC term that remains
if, for example, detector bandwidth is relatively small
(∆νdet < vspeaker/λl) or the auto-correlator loudspeaker
frequency is relatively high, in which case the second two
terms in Eq. 4 would time-average to zero. The DC term,
A(τ), represents the intensity auto-correlation with back-
ground and the ratio of peak signal amplitude at τ = 0
to background (i.e. τ much greater than pulse width) of

speaker

detector

BS

Figure 7: Auto-correlation 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. BS: beamsplitter

three to one. The second term expresses the cross terms
in the interferometric auto-correlation.

The combination of the first two terms in Eq. 4 leads
to a ratio of peak signal amplitude to background of eight
to one. The phase, ωlτ , can be used to calibrate the time
axis on the auto-correlation data, such as in Fig. 8, since
the carrier frequency corresponds to the pulse’s center
frequency. A linear chirp term in Eq. 2 results from a
nonzero β2 since dφ/dω = [dφ/dω]ω0

+ [d2φ/dω2]ω0
(ω −

ω0)+ · · · . Significant chirp results in distinctive, narrow-
ing auto-correlation traces since, in that case, coherence
between pulses decreases as delay, |τ |, increases. Linear
chirp can be modeled and compared to auto-correlation
data by assuming a symmetric, Gaussian pulse enve-
lope that has a quadratic temporal phase modulation
scaled by a: AG(t) = Re{exp[−(1+ ia)(t/∆tG)2− iωlt]},
where ∆tG is the full width at half-maximum of the pulse
duration. This pulse has an instantaneous frequency,
dφ(t)/dt, that is linearly dependent on time, which is
pictured qualitatively at left in Fig. 4.

The temporal dependence of the photocurrent in the
detector for an auto-correlation signal can be determined
analytically using this Gaussian pulse, AG(t), in Eq. 4.
[19] We used the envelope of the analytical solution to an-
alyze the auto-correlation signal in Fig. 8, which shows an
auto-correlation taken with mode-locked pulses directly
from the oscillator with ∼5 mW average power. The up-
per and lower envelopes of the analytic expression in Eq.
4 are fit to the data using two parameters, a and ∆tG
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in the expression for S(τ) for a linearly chirped, Gaus-
sian pulse (AG(t) above). From this fitting procedure we
estimate ∆tG ≈ 220 fs and a ≈ 2.
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Figure 8: Interferometric auto-correlation trace. The
right inset is 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.

The bandwidth limited pulse width can be estimated
from a measurement of the pulse spectrum’s width with
an optical spectrum analyzer (see Fig. 9) or an inverse
Fourier transform of the spectrum data. The relatively
straightforward analytic solution to the Fourier trans-
form of certain functions that may approximate pulse
shapes, such as a Gaussian or sech2 (t), yields a rela-
tionship between pulse duration ∆t (full width at half
maximum, FWHM), and the pulse spectral width, ∆ν
(FWHM). These two functions are therefore often used
as assumed pulse envelope shapes to estimate band-
width limited pulse width. The time-bandwidth prod-
ucts for Gaussian and sech2 (t) pulse envelope shapes
are ∆ν∆t = 2 ln 2/π = 0.441 and ∆ν∆t = 0.315, re-
spectively. For example, the width of the pulse spec-
trum in Fig. 9, 27.8 nm, corresponds to a bandwidth
limited pulse duration of ∆t=159 fs, assuming a Gaus-
sian pulse envelope. As discussed above, fiber dispersion
(intra- and extra-cavity) can lead to complicated pulse
chirp and temporal broadening. Further, the design of a
stretched-pulse mode-locked laser – dispersion with dif-
ferent signs leading to a small positive net dispersion –
often yields chirped output pulses. The auto-correlation
in Fig. 8 shows a 38% increase in pulse duration relative
to the bandwidth limited pulse width determined from
the spectrum in Fig. 9.
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Figure 9: Pulse spectrum from mode-locked laser
oscillator output. The full width at half-maximum is
27.8 nm, which corresponds to a bandwidth limited
pulse duration of 159 fs, assuming a Gaussian pulse

envelope.

IV. PARALLEL GRATING DISPERSION
COMPENSATOR

As discussed above, the effects of fiber nonlinearity and
dispersion – material, waveguide, and modal – on ultra-
short pulses in fibers can lead to temporal broadening.
The resulting decrease in the pulse’s peak intensity may
be useful in situations sensitive to optical damage that
depends on peak irradiance. However, broadening may
inhibit other processes such as the nonlinear effects in
highly nonlinear fiber (HNLF) that can yield an octave-
spanning spectrum useful for frequency combs. To com-
press the pulses from the mode-locked laser, we used a
pair of high efficiency transmission gratings to spatially
distribute the pulse spectrum to control relative path
lengths and therefore relative delay across the pulse spec-
trum. The apparatus is shown in Fig. 10, where the red
parts of the spectrum have longer relative path lengths in
free space and therefore a lower effective group velocity.
The quadratic spectral phase term corresponding to the
term linear in ω for dφ/dω for a single parallel grating
pair is [20]

d2φ

dω2
=

λ3l

2πc2s2 cos2 θ
, (5)

where l is the ray distance between gratings, c is the
speed of light, s is the grating groove distance, and θ is
the ray angle between gratings measured from the per-
pendicular drawn between gratings. The sign of Eq. 5 is
positive, which corresponds to negative (anomalous) dis-
persion. The sign of the expression for the gratings’ next
higher order term, d3φ/dω3, is negative, so gratings alone
cannot compensate for both positive linear and quadratic
chirp. However, additional stages of compensation, such
as prism pairs, can correct for higher orders of disper-
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sion. [21]

grating 

length, l

✓

line 
spacing,  s

pick-off 
mirror 

fiber from 
pre-amplifier 

to auto- 
correlator 
or HNLF 

Figure 10: Parallel grating dispersion compensation
apparatus. Longer path length for the lower frequency

parts of the spectrum corresponds to effectively negative
pulse dispersion (β2 < 0). HNLF: highly nonlinear fiber.

As shown in Fig. 10, common practice is to slightly
vertically displace the reflected beam after the second
grating so that it can be redirected with a pick-off mirror
near the fiber out-coupler. However, this displacement
may cause the beam to experience slightly different spa-
tial dispersion and can lead to transverse spatial chirp
in the beam’s profile and poor mode quality. This can
be observed by scanning a single-mode fiber across the
transverse plane of the beam after the grating pair or mis-
aligning the final fiber coupler. The effect can be min-
imized by using precise alignment of the orientation of
the two gratings’ grooves and their parallelism, which is
aided by a goniometer and precision grating mounts. We
find that a compact arrangement (∼30 cm total free space
length) of the optics in Fig. 10 using identical FC/APC
lens couplers and FC/APC single mode fibers is effective.
Another approach is to use two mirrors after the second
grating in Fig. 10 to carefully horizontally displace the
beam such that the beam’s angle of incidence is identical
to its first pass through the gratings. Pulse shaping might
be implemented by controlling the spectral phase using
a spatial light modulator in place of the retroreflecting
mirror.

We tested the effect of the gratings by making auto-
correlation measurements of the pulses before and after
the apparatus in Fig. 10. In order to increase the mea-
surement signal-to-noise ratio, we amplified the pulses
after the oscillator as shown in Fig. 12. A 280 mW laser
diode at 974 nm pumped a 58 cm Er3+-doped gain fiber,
co-propagating with the light from the oscillator. The
WDMs after the gain section filter the residual pump
light, since the silicon photodiode in the auto-correlator
is linearly responsive to light at 974 nm. Interferomet-
ric auto-correlation traces are shown for pulses following
the pre-amplifier and parallel grating dispersion compen-
sator in Figs. 13(a) and 13(b), respectively. The average

retro-reflector
to pick-off

Figure 11: Parallel gratings dispersion compensator.
Light is coupled from the laser or amplifier through

aspheric lens module through grating pair,
retro-reflected through gratings to small gold pick-off

mirror, then to the auto-corellation apparatus (AC) for
analysis. One of the grating mounts is connected to a

small goniometer (obscured in photo).

isolator 

WDM 

WDM (x2) 

from laser 
oscillator 

OC 

1% 
FC/APC 
connector 

WDM 

Er3+-doped 
gain fiber 

pump diode 
laser, ~974 nm 

positive  
dispersion fiber 

Figure 12: Pre-amplifier. The pulse spectrum after the
amplifier is monitored through a 1% output coupler

(OC). Wavelength division multiplexers (WDMs) isolate
the pump laser diode from feedback and filter light at
974 nm from the laser output. Gain length is 58 cm.
Approximate splice locations are indicated with an x

symbol.

laser power into the auto-correlator directly after the pre-
amplifier was 21 mW. The average power was 17 mW just
before coupling into the fiber to the auto-correlator af-
ter the dispersion compensator in Fig. 10. With careful
grating alignment, spatial mode quality can be sufficient
to couple greater than 80% back into a single mode fiber.
The corresponding intensity auto-correlations are shown
in the upper-left insets. The pulse spectrum after the
pre-amplifier is shown in the upper-right of Fig. 13(a).

The parallel gratings removed much of the chirp and
compressed the pulse. We optimized the grating sepa-
ration by monitoring the intensity auto-correlation after
the apparatus in Fig. 10. The positive dispersion fiber
(4 m, 0.19 ps2 net dispersion) in the pre-amplifier in Fig.
12 allowed us to fine-tune the overall second order dis-
persion using the effectively negative dispersion grating
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Figure 13: Auto-correlations (ACs) of pulses after the
pre-amplifier (a) and after the grating dispersion

compensator (b). The corresponding intensity ACs are
shown in the upper-left insets. The post-gratings

intensity AC is reproduced as gray in (a) for
comparison. The pulse spectra after the pre-amplifier
(a) and after compression and propagation through

70 cm of highly nonlinear fiber (b, blue). For
comparison in (b), the cw oscillator (red) and

post-amplifier (green).

apparatus. We found an optimal grating separation of
3.5 mm, which corresponds to β2 · l=-0.086 ps2 according
to Eq. 5 with a grating line density of 966 l/mm.

Assuming a Gaussian pulse envelope, a fit to the nar-
row portion of the intensity auto-correlation in the inset
of Fig. 13(b) yields a pulse width of 108 fs, FWHM, a
reduction in pulse width by a factor of thirteen. Fifty
percent of the area underneath the autocorrelation data
is contained in this Gaussian fit. Due to the correlative
nature of the data, the ratio between auto-correlation and
pulse width (FWHM), ∆tAC/∆tpulse, is

√
2 and 1.543 for

Gaussian and sech2 (t) pulses, respectively. The intensity
auto-correlation in the inset of Fig. 13(a) was obtained
by averaging the interferometric auto-correlation. A soft-
ware time-averaging procedure is equivalent to increasing

the frequency of the speaker in Fig. 6. For example, the
intensity auto-correlation in the inset of Fig. 13(b) was
obtained by increasing the speaker frequency from 5 mHz
(interferometric) to 1 Hz for the same amplitude. The
pedestal on the auto-correlation is likely due to higher
order chirp (e.g. quadratic phase modulation).

V. FURTHER WORK

We have described results and experimental details of
an undergraduate ultrafast optics advanced lab using rel-
atively low-cost components. The stretched-pulse mode
locked Er3+ fiber laser can be built for under 7000 USD.
(See the detailed parts list in Table II below.) Instead of
connecting fibers with a fusion splicer, the cost of which
is roughly half the total, one may instead use FC/APC
connectors at fiber junctions. While this would reduce
cost, the technique would increase intracavity loss and
require careful assembly of bare fibers into connectors.
Based on the work of a project group in the spring, 2015
Lasers course, we have developed a connectorized contin-
uous wave laser. The mode-locking mechanism could be
simplified by using a carbon nanotube (CNT) solution
[30, 31] at one of the connector junctions in the cav-
ity. The solution is a fast saturable absorber and pro-
vides the self-amplitude modulation necessary for mode-
locking. A CNT-based mode locked fiber laser has been
used to make a high performance, low-noise frequency
comb. [12]

We are developing a relatively low cost frequency comb
advanced laboratory based on the laser described in this
manuscript. The comb requires stabilization of the laser’s
pulse repetition rate and the carrier-envelope offset fre-
quency, fo. The former can be done by straightforward
feedback techniques to the cavity length. To simplify the
detection of fo, we will broaden the pulse spectrum to
an octave and self-reference one end of the spectrum to a
frequency-doubled version of the other end. An example
of spectral broadening is shown in the upper-right inset
in Fig. 13(b). The green trace is the pulse spectrum after
the pre-amplifier. The blue trace is the pulse spectrum
after propagation through 70 cm of highly nonlinear fiber
(HNLF) with pulses of width 108 fs, average power of
5 mW into the HNLF, and repetition rate 55 MHz.

The spectral data shown here was obtained with a rela-
tively expensive optical spectrum analyzer (OSA). 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 cal-
ibrated 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
monochrometer, the motion is carefully calibrated and
controlled to scan spectra across a small InGaAs photo-



10

diode.
Funding for this undergraduate advanced laboratory

project is provided by the National Science Foundation

EIR #1208930. The authors appreciate assistance from
Tsung-Han Wu.

[1] Recent advanced laboratory conferences include 1.) Lab
Focus ’93, Boise State University, Boise, ID (1993) spon-
sored by the NSF through the American Association of
Physics Teachers (AAPT), 2.) 2012 Conference on Lab-
oratory Instruction Beyond the First Year of College, U.
of PA and Drexel University, Philadelphia, PA (2012)
sponsored in part by the NSF, AAPT, APS, 3.) 2015
Conference on Laboratory Instruction Beyond the First
Year, University of Maryland, College Park, MD, spon-
sored the NSF, AAPT.

[2] AAPT Recommendations for the Undergradu-
ate Physics Laboratory Curriculum, Nov. 2014.
www.aapt.org/Resources.

[3] B. M. Zwickl, N. Finkelstein, and H. J. Lewandowski,
“The process of transforming an advanced lab course:
Goals, curriculum, and assessments,” American Journal
of Physics 81 (2013).

[4] A. Karelina and E. Etkina, “Acting like a physicist: Stu-
dent approach study to experimental design,” Physical
Review Special Topics - Physics Education Research 3,
20106 (2007).

[5] N. Holmes and D. Bonn, “Doing science or doing a
lab? Engaging students with scientific reasoning during
physics lab experiments.” in “Proceedings of the Physics
Education Research Conference,” (AIP Press, 2013).

[6] S. A. Diddams, “The evolving optical frequency comb
[Invited],” Journal of the Optical Society of America B:
Optical Physics 27, B51–B62 (2010).

[7] T. D. Donnelly, “Ultrafast phenomena: A laboratory
experiment for undergraduates,” American Journal of
Physics 66, 677 (1998).

[8] D. Leventry, M. Turner, and D. Mohr, “Mode-locked Er-
bium Fiber Laser Development,” Tech. rep., Bethel Uni-
versity, St. Paul (2013).

[9] C. Fredrick, N. Parks, and A. Schaffer, “Pulse Com-
pression and Measurement for Frequency Comb Devel-
opment,” Tech. rep., Bethel University, St. Paul (2014).

[10] K. Tamura, E. P. Ippen, H. A. Haus, and L. E. Nel-
son, “77-fs pulse generation from a stretched-pulse mode-
locked all-fiber ring laser,” Opt. Lett. 18, 1080–1082
(1993).

[11] K. Tamura, L. E. Nelson, H. A. Haus, and E. P. Ippen,
“Soliton versus nonsoliton operation of fiber ring lasers,”
Applied Physics Letters 64, 149–151 (1994).

[12] T.-H. Wu, K. Kieu, N. Peyghambarian, and R. J. Jones,
“Low noise erbium fiber fs frequency comb based on a
tapered-fiber carbon nanotube design,” Opt. Express 19,
5313–5318 (2011).

[13] H. A. Haus, K. Tamura, L. E. Nelson, and E. P. Ippen,
“Stretched-pulse additive pulse mode-locking in fiber ring
lasers: theory and experiment,” Quantum Electronics,
IEEE Journal of 31, 591–598 (1995).

[14] L. E. Nelson, D. J. Jones, K. Tamura, H. A. Haus, and
E. P. Ippen, “Ultrashort-pulse fiber ring lasers,” Applied
Physics B: Lasers and Optics 65, 277–294 (1997).

[15] G. P. Agrawal, Nonlinear fiber optics (Academic Press,

San Diego, 1995).
[16] B. E. A. Saleh and M. C. Teich, Fundamentals of pho-

tonics, Wiley series in pure and applied optics (Wiley-
Interscience, Hoboken, N.J., 2007), 2nd ed.

[17] M. J. F. Digonnet, ed., Rare Earth Doped Fiber Lasers
and Amplifiers (Marcel Dekker Inc, 2001), 2nd ed.

[18] J.-C. Diels, J. J. Fontaine, I. C. McMichael, and F. Si-
moni, “Control and measurement of ultrashort pulse
shapes (in amplitude and phase) with femtosecond ac-
curacy,” Applied Optics 24, 1270–1282 (1985).

[19] J.-C. Diels and W. Rudolph, Ultrashort Laser Pulse Phe-
nomena (Academic Press, 2006).

[20] A. Weiner, Ultrafast Optics (Wiley, 2009).
[21] R. L. Fork, C. H. Brito Cruz, P. C. Becker, and C. V.

Shank, “Compression of optical pulses to six femtosec-
onds by using cubic phase compensation,” Opt. Lett. 12,
483–485 (1987).

[22] P. A. Krug, M. G. Sceats, G. R. Atkins, S. C. Guy, and
S. B. Poole, “Intermediate excited-state absorption in
erbium-doped fiber strongly pumped at 980 nm,” Optics
Letters 16, 1976 (1991).

[23] T. J. Whitley, C. A. Millar, R. Wyatt, M. C. Brierley,
and D. Szebesta, “Upconversion pumped green lasing in
erbium doped fluorozirconate fibre,” Electronics Letters
27, 1785–1786 (1991).

[24] S. M. J. Kelly, “Characteristic sideband instability of pe-
riodically amplified average soliton,” Electronics Letters
28, 806–807 (1992).

[25] N. Matuschek, F. Kartner, and U. Keller, “Analytical de-
sign of double-chirped mirrors with custom-tailored dis-
persion characteristics,” IEEE Journal of Quantum Elec-
tronics 35, 129–137 (1999).

[26] R. Trebino and D. J. Kane, “Using phase retrieval to
measure the intensity and phase of ultrashort pulses:
frequency-resolved optical gating,” Journal of the Op-
tical Society of America A 10, 1101–1111 (1993).

[27] L. P. Barry, P. G. Bollond, J. M. Dudley, J. D. Harvey,
and R. Leonhardt, “Autocorrelation of ultrashort pulses
at 1.5µm based on nonlinear response of silicon photodi-
odes,” Electronics Letters 32, 1922–1923 (1996).

[28] A. Miller, D. A. B. Miller, and S. D. Smith, “Dynamic
Non-Linear Optical Processes In Semiconductors,” Ad-
vances in Physics 30, 697–800 (1981).

[29] S. Diddams and J.-C. Diels, “Dispersion measurements
with white-light interferometry,” Journal of the Optical
Society of America B: Optical Physics 13, 1120–1129
(1996).

[30] S. Set, H. Yaguchi, Y. Tanaka, and M. Jablonski, “Ul-
trafast Fiber Pulsed Lasers Incorporating Carbon Nan-
otubes,” IEEE Journal of Selected Topics in Quantum
Electronics 10, 137–146 (2004).

[31] J. Lim, K. Knabe, K. A. Tillman, W. Neely, Y. Wang,
R. Amezcua-Correa, F. Couny, P. S. Light, F. Benabid,
J. C. Knight, K. L. Corwin, J. W. Nicholson, and B. R.
Washburn, “A phase-stabilized carbon nanotube fiber
laser frequency comb,” Optics Express 17, 14115 (2009).



11

Item Brand Model Vendor Price [USD] Qnty

fusion splicer Fujikura FSM-30S eBay 3470 1

fiber cleaver Fujikura Alcoa CT-07BS eBay 172 1

Er-doped gain fiber Thorlabs ER80-4/125 Thorlabs 99 2 a

single-mode fiber, SMF-28 Thorlabs SMF-28-100 Thorlabs 52 1 b

WDM 980/1550nm Optilab (OEQuest) OEWDM-MF-9850 Optilab (OEQuest) 45 2 c

output coupler Oplink DWFC12021216 eBay 50 1 d

GRIN fiber collimator Thorlabs 50-1550A Thorlabs 59 3 e

GRIN holder Thorlabs SM1PT Thorlabs 32 2

GRIN holder optical mount Thorlabs KC1T Thorlabs 91 2

isolator Optilab (OEQuest) ISO-15-D-03 Optilab (OEQuest) 100 1

980 nm pump diode Optilab (OEQuest) LC95-280mW Optilab (OEQuest) 500 1 f

pump diode mount Newport 744 eBay 200 1

pump diode T/I-controller Wavelength Electronics LDTC0520 Wavelength Electronics 391 1

power supply for controller Linear 179-2321-ND Digikey 75 1 g

Linear 179-2311-ND Digikey 50 1 h

power supply enclosure Bud CU-3011-A Mouser 28 1

half-wave plate 1550nm Thorlabs WPH502 Thorlabs 45 1 i

quarter-wave plate 1550nm Thorlabs WPQ501 Thorlabs 70 2 i

rotation mounts Thorlabs RSP1 Thorlabs 81 3

polarizing beamsplitter Thorlabs PBS054 Thorlabs 163 1 j

PBS mount Thorlabs KM100P Thorlabs 64 1

fast fiber coupled photodiode Optilab (OEQuest) EPM 605 ALC Optilab (OEQuest) 99 1 k

pos. dispersion fiber Thorlabs DCF38 Thorlabs 6 5

Thorlabs DCF3 Thorlabs 5 5

FC/APC connector Optilab (OEQuest) PT-FCAPC-0.5-S-900 Optilab (OEQuest) 8 5

1550nm viewing card Thorlabs VRC4 Thorlabs 73 1 l

Total ≈6700
a 4 µm core diameter, 125 µm cladding diameter
b negative dispersion, 900 µm jacket, 100 m length
c 980nm/1550nm mixed fiber pump combiner, one for pump isolation
d 20/80; output couplers with other ratios can be helpful
e fiber integrated graded index lens for NPR section and laser output
f 980 nm pump LD, 280 mW kink free, TEC, FBG
g 12V/3.4A
h 12V/1.7A
i 5mm square, need custom mounts to 1”, e.g.
j 5mm 1200-1600nm
k InGaAs PIN, 2.0 GHz, fiber pigtail. Another convenient, free-space option is Thorlabs DET20C, 398 USD.
l Other helpful supplies include a connector cleaner, polishing supplies, fiber illuminator, IR viewer, 200x fiber connector

tip microscope

Table II: Items for the stretched pulse, mode-locked fiber laser oscillator described in this manuscript. Few items are
assumed, such as an oscilloscope, volt meter and common optical mounts.
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Item Brand Model Vendor Price [USD] Qnty

980 nm pump diode Optilab (OEQuest) LC95-280mW Optilab (OEQuest) 500 1

pump diode mount Newport 744 eBay 200 1

pump diode T/I-controller Wavelength Electronics LDTC0520 Wavelength Electronics 391 1

power supply for controller Linear 179-2321-ND Digikey 75 1

Linear 179-2311-ND Digikey 50 1

power supply enclosure Bud CU-3011-A Mouser 28 1

Er-doped gain fiber Thorlabs ER80-4/125 Thorlabs 99 2

WDM for pump isolation Optilab (OEQuest) OEWDM-MF-9850 Optilab (OEQuest) 45 1

Total 1487

Table III: Items for the integrated pre-amplifier described in this manuscript.

Item Brand/Vendor Model Price [USD] Qnty

Si photodetector Thorlabs DET36A 114 1

non-polarizing beamsplitter Thorlabs BSW12 104 1

beamsplitter mount Thorlabs KM100 40 1

z translation stage Newport 423 250 1

Vernier screw for stage Newport SM-25 105 1

lens Thorlabs LB1757C 37 1

FC/APC collimator mount Thorlabs F240APC-1550 195 1

FC/APC collimator holder Thorlabs AD11F 28 1

FC/APC optical mount Thorlabs KC1T 91 1

gold retroreflectors Newport 50326-1005 440 2

x-y mount for retroreflector Thorlabs LM1XY 134 1

adjustable iris Thorlabs ID15 46 1

Total 2024

Table IV: Necessary items for the auto-correlator. Few items are assumed, such as an oscilloscope, inexpensive
loudspeaker, driver and common optical mounts.

Item Brand/Vendor Model Price [USD] Qnty

transmission gratings Lightsmyth Technologies T-966C-27x10-90OS 125 2

goniometer Thorlabs GN1 139 1

grating mount Thorlabs KM100C 90 2

z translation stage Newport 423 250 1

Vernier screw for stage Newport SM-25 105 1

FC/APC collimator mount Thorlabs F240APC-1550 195 2

FC/APC collimator holder Thorlabs AD11F 28 1

FC/APC optical mount Thorlabs KC1T 91 2

gold mirrors Thorlabs PF1003M01 50 2

Total 1624

Table V: Items for the parallel gratings dispersion compensation apparatus described in this manuscript. Few items
are assumed, such as common optical mounts.


