
An erbium-doped femtosecond fiber laser for the undergraduate laboratory

C. W. Hoyt,∗ C. Fredrick, A. Schaffer, E. Johnson, and A. Riedeman
Bethel University, St. Paul, MN 55112

R. J. Jones
College of Optical Sciences, University of Arizona, Tucson, AZ

(Dated: July 20, 2015)

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.
Undergraduate students built two nonlinear polarization rotation mode-locked lasers. The first was
a dispersion-balanced stretched pulse laser that generated pulses as narrow as 108 fs, full-width at
half-maximum (FWHM), at a repetition rate of 55 MHz and average power of 5.5 mW. The second
laser was built using epoxied FC/APC connectors and mating connections, avoiding the need for
a fusion splicer. This fully connector-based laser produced 506 fs (FWHM) soliton pulses at a
repetition rate of 18 MHz and average power approximately 3.5 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 pulse
chirp and increased peak intensity, narrowing the pulse width by a factor of 13 for the stretched-
pulse laser. A detailed parts list of the connector-based laser 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.

The fields of ultrafast optics, mode-locked fiber lasers,
and frequency combs [1] are mature yet continue to find
new and interdisciplinary applications. Although such
apparatus are perhaps somewhat uncommon in the un-
dergraduate optics lab, the concepts and required skills
are used in state-of-the-art physics, engineering and in-
dustrial settings. The apparatus described below are in-
tended to be relatively inexpensive in large part due to
the availability of telecommunications components and
equipment. A mode-locked, erbium-doped fiber laser sys-
tem [2–7] can be built for under 7000 USD, which is
dominated by the fiber fusion splicer. A similar, fully
FC/APC connector-based laser, which avoids the need
for a splicer, can be built for around 3400 USD. The
auto-correlation [8–10] and parallel grating pulse com-
pression apparatus [7, 10, 11] can be built for approxi-
mately 2000 USD and 1200 USD, respectively. (See Ta-
bles I–III for details.)

Here we describe an ultrafast optics laboratory com-
prising a mode-locked erbium fiber laser centered at ap-
proximately 1550 nm, auto-correlation measurements,
and a free-space parallel grating dispersion compensa-
tion apparatus. The laser is shown in Fig. 1. 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 polar-
ization ellipse rotation. [5] The laser in Fig. 1 is mode-
locked via nonlinear polarization rotation by aligning
the wave plates such that the polarization state passing
through the polarizing beamsplitter in the cavity corre-
sponds to the highest irradiance – pulses see the low-
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Figure 1: Er3+-doped nonlinear polarization
mode-locked fiber laser. WDM: wavelength division

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

(quarter-)wave plate.

est cavity loss. A simple alternative to the free-space
section is a tapered section of fiber in the cavity that
is surrounded by carbon nanotubes, which act as a fast
saturable absorber and leads to mode-locking.[4]

The pulse repetition rate from the mode-locked laser
in Fig. 1 can be measured directly with a fast photodiode
that is sensitive to light at 1550 nm (e.g. InGaAs). Pulse
characterization on a sub-picosecond time scale, however,
is typically done by measuring the correlation between a
pulse and a delayed version of itself. A second-order in-
terferometric correlation can yield information about the
pulse’s phase and amplitude, although special techniques
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such as frequency-resolved optical gating [12] are gener-
ally necessary to completely characterize these quantities.

lens 

Si detector 

speaker 
fiber from laser 

precision 
retro-reflector beam 

splitter 

two-photon 
absorption 

conduction 
band 

valence 
band 

1.5µm 
1.5µm 

E 
k 

/ I2

photo- 
current 

Figure 2: Auto-correlator. Two-photon absorption in a
common silicon detector enables the second-order

correlation.

The auto-correlation apparatus – a scanning Michelson
interferometer with a nonlinear component – is shown in
a diagram in Fig. 2. Pulses from the laser are split and
retroreflected with hollow cornercubes. One retroreflec-
tor is mounted in the center of a common loudspeaker
and driven at low amplitude and frequency (<1 Hz for in-
terferometric signals, depending on detector bandwidth).
The retroreflector in the other arm is mounted on a preci-
sion 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.

Students built two mode-locked Er3+-doped fiber
lasers in the context of upper-level Optics and Lasers
courses. The dispersion-managed, stretched-pulse fiber
laser is shown in Fig. 1.[2] Alternate sections of posi-
tive and negative dispersion single-mode fiber allow the
pulse to temporally expand and contract in a single cav-
ity round-trip. High energy pulses drive large nonlinear
broadening through self-phase modulation (SPM) at cav-
ity locations where pulse width is minimal, while zero or
slightly positive net dispersion in the cavity avoids soli-
ton solutions. [3] 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 demon-
strated below, can compress pulses to the sub-100 fs level.

In order to reduce cost, students built a laser simi-
lar to the one in Fig. 1, except the cavity fibers were
connected with threaded, rigid connectors with angled
faces (FC/APC) rather than spliced. An interferometric
auto-correlation trace of pulses from the connector-based
Er3+-doped fiber laser is shown in Fig. 3. The right in-
set is the fringes around zero delay. The left inset is
the corresponding intensity autocorrelation, obtained by
increasing the speaker frequency such that the interfero-

metric fringes average. The same can be done by averag-
ing or filtering in software. In contrast to the dispersion-
managed, stretched-pulse laser described above, the laser
oscillator’s net dispersion is negative. This is a condition
for soliton mode-locking, where the fiber nonlinearity and
dispersion balance and result in power- and time-limited
pulses. The pulse spectrum yields a full width and half-
maximum of approximately 7.5 nm, which corresponds
to a bandwidth limited pulse width of 468 fs. The inten-
sity autocorrelation in the upper left inset shows a pulse
width of 508 fs, an 8 % increase over the bandwidth limit.
The corresponding pulse spectrum is shown in Fig. 4.
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Figure 3: Interferometric auto-correlation trace of
pulses from the connector-based Er3+-doped fiber laser.
The right inset is the fringes around zero delay. The left

inset is the corresponding intensity autocorrelation.
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Figure 4: Pulse spectrum from the connector-based,
Er3+-doped, mode-locked fiber laser. The spikes are

indicative of soliton mode-locking.

The effects of fiber nonlinearity and dispersion – ma-
terial, 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
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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 temporally compress the
pulses from the spectrally broad, stretched-pulse 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
spectrum. [11] The apparatus is shown in Fig. 5, where
the red parts of the spectrum have longer relative path
lengths in free space and therefore a lower effective group
velocity. The sign of the resulting dispersion is nega-
tive, where dispersion is defined as β2 = (−1/v2g) dvg/dω,
where is vg is group velocity and ω is optical frequency.
[10] In much of the literature, spectral regions with posi-
tive and negative β2 are denoted as positive and negative
dispersion, respectively, and are also called normal and
anomalous dispersion, respectively. As noted above, a
fiber cavity with highly anomalous dispersion (β2 < 0)
can support soliton oscillation due to the balance be-
tween material dispersion and nonlinear fiber effects such
as self-phase modulation. [3, 7] The sign of the expres-
sion for the gratings’ next higher order dispersion term is
negative, so gratings alone cannot compensate for both
positive linear and quadratic chirp.
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Figure 5: 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.

We tested the effect of the gratings by making auto-
correlation measurements of the stretched-pulse Er3+-
doped fiber laser pulses before and after the apparatus
in Fig. 5. Results are shown in Fig. 6. Interferomet-
ric auto-correlation traces are shown for pulses following
the laser and parallel grating dispersion compensator in
Figs. 6a and 6b, respectively. Assuming a Gaussian pulse
envelope, a fit to the narrow portion of the intensity auto-
correlation in the left inset of Fig. 6b yields a pulse width

of 108 fs, FWHM, a reduction in pulse width by a factor
of thirteen compared to the pre-gratings intensity auto-
correlation in the left inset of Fig. 6a.
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Figure 6: Auto-correlations (ACs) of pulses after the
laser (a) and 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).

We are developing a relatively low cost frequency comb
advanced laboratory based on the stretched-pulse, dis-
persion compensated laser [2] in Fig. 1. The comb re-
quires stabilization of the laser’s pulse repetition rate
and the carrier-envelope offset frequency, fo. The for-
mer 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 broad-
ening is shown in the right inset in Fig. 6b. The green
trace is the pulse spectrum from the stretched pulse laser
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after a pre-amplifier. The blue trace is the pulse spec-
trum 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-
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.
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Item Brand/Vendor Model Price [USD] Qnty

FC/APC fiber connector Thorlabs 30126A9 8 20 a

FC/APC mating sleeve Thorlabs ADAFC3 21 10

epoxy for connectors Fiber Instrument Sales T60065B4 4 10

epoxy syringe Fiber Instrument Sales 5014733IRC25 6 25 pack

diamond lapping film Fiber Instrument Sales 30, 6, 1 µm 12 2 eachb

index matching gel Fiber Instrument Sales F10001V 25 1

200x fiber tip microscope Fiber Instrument Sales F1VS200U 99 1

Connector cleaner, Cletop-S Fiber Instrument Sales F16270S 90 1

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

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

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

output coupler Oplink/eBay DWFC12021216 50 1 f

GRIN fiber collimator Optilab (OEQuest) COLL-S-1550 28 3 g

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

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

pos. dispersion fiber Thorlabs DCF38 6 5

Thorlabs DCF3 5 5

1550nm viewing card Thorlabs VRC4 73 1 i

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

pump diode mount Newport/eBay 744 200 1

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

power supply for controller Wavelength Electronics PWRPAK-5V 156 1 k

half/quarter-wave plate 1550nm Thorlabs WPH502/501 45 1 l

cage rotation mount Thorlabs SRM05 92 3

cage cube mount Thorlabs SC6W 46 1

polarizing beamsplitter Thorlabs PBS054 163 1 m

cage prism mount Thorlabs SP01 10 1

cage optics mount Thorlabs SM05 86 2

threaded adapter for GRIN lens Thorlabs SM05PT 33 2

cage rod Thorlabs SR1.5 7 8

Total ≈3400
a 126 µm bore, ceramic ferrule, 900 µm boot
b DLF3X630661X, DLF6X606661X, DLF6X601661X, respectively
c 4 µm core diameter, 125 µm cladding diameter
d negative dispersion, 900 µm jacket, 100 m length
e 980nm/1550nm mixed fiber pump combiner, one for pump isolation
f 20/80; output couplers with other ratios can be helpful, depending on cavity loss
g fiber integrated graded index lens for NPR section and laser output
h InGaAs PIN, 2.0 GHz, fiber pigtail. Another convenient, free-space option is Thorlabs DET20C,

398 USD.
i Other helpful supplies include a fiber illuminator and IR viewer
j 980 nm pump LD, 280 mW kink free, TEC, FBG
k 5V/8A
l 5mm square, need custom mounts to 0.5”
m 5mm 1200-1600nm

Table I: Items for the connector-based, 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/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 II: 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 III: Items for the parallel gratings dispersion compensation apparatus described in this manuscript. Few items
are assumed, such as common optical mounts.


