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1. Layout

Our Ti:sapphire laser is really 4 lasers combined. The Millennia diode laser produces an infrared
beam that is frequency doubled into the green to provide the pump beam for the femtosecond
oscillator. A sapphire crystal doped with titanium ions absorbs this green pump light, putting
Ti3+ ions that absorb a pump photon in an excited state. The ions lose some of the energy of the
exciting photon to lattice vibrations, so that they are ready to radiate in the red and near-infrared
spectral region. The absorption and emission bands of titanium-doped sapphire are shown in
Fig. 1.

The spontaneous radiation from excited Ti3+ ions in the Ti:sapphire rod heads out in all direc-
tions; a few lucky photons head towards the spherical mirrors M2 and M3 in the right direction to
reach the ends of the cavity at M1 and the output coupler M10, which redirect them back to the
crystal. (See Fig. 2.) On a second pass through the crystal, they may stimulate Ti3+ to radiate into
the same optical mode, in phase with the passing beam, thereby swelling its intensity. If after a
complete round trip through the optical cavity, the spontaneous photon arrives back at its point
of departure with a nonzero probability of having recruited one or more identical photons (if the
cavity has “net gain”), then the intensity in this mode builds exponentially.

A general feature of exponential growth is that it tends to be very unfair: the winner takes all.
For a gain medium such as Ti:sapphire, each Ti3+ may radiate in a wide band of wavelengths,
although the gain cross section peaks at a particular wavelength. Other things being equal, this
wavelength would come to dominate the beam. However, mirrors and other optical elements in
a cavity influence the net gain profile, as well. Most importantly in our Tsunami femtosecond
oscillator, a pair of prisms provides negative group-velocity dispersion, which compensates the
normal (positive) dispersion of the sapphire crystal. In normal dispersion, red frequencies move
faster than blue frequencies (nblue > nred). This tends to make pulses disperse with time. By
providing just enough compensation to make sure that all wavelengths in the emission band
of Ti3+ take approximately the same time to complete one round trip, the prism pair makes it
possible to generate short pulses and to use a much broader region of the emission spectrum
than would be possible if the laser is allowed to “oscillate cw” (cw stands for “continuous wave”
and is the opposite of “pulsed”).

Dispersion compensation is generally not enough to make short pulses; in addition, the oscillator
needs some incentive to pulse. In the case of Ti:sapphire lasers, this comes from Kerr-lens mode-
locking. When the intensity in the sapphire crystal is higher, the index of refraction increases.
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Figure 1: Absorption and emission spec-
trum of Ti:sapphire. The emission peak
of Ti3+ ions in sapphire is extraordinar-
ily broad, with a full width at half maxi-
mum of nearly 200 nm. This broad spec-
trum allows Ti:sapphire lasers and ampli-
fiers to produce extremely short pulses of
light.
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Figure 1: Absorption and emission spectrum of Ti:sapphire. The emission peak of Ti3+ ions
in sapphire is extraordinarily broad, with a full width at half maximum of nearly 200 nm.
This broad spectrum allows Ti:sapphire lasers and amplifiers to produce extremely short
pulses of light.
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Light bends toward regions of higher index of refraction (think how a converging lens works), so
when the intensity is higher, the beam inside the crystal becomes tighter, making the intensity
even higher. This positive feedback works against normal diffraction to raise the intensity in the
gain region, where it serves to increase the efficiency with which the beam extracts energy from
the Ti:sapphire crystal. The nonlinear focusing effect provides the incentive for the oscillator to
operate in a pulsed mode, since intense light is more effective at extracting energy.

The duration of the pulses that leave the cavity at each bounce off the slightly transmitting output
coupler depends on how well dispersion is compensated; in our case the pulses are about 50 fs in
duration.
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Exercise 1 Using the Heisenberg uncertainty principle,

∆E∆t ≥ ħ
2

−→ ∆ντ≥ 1

4π

where τ is the (approximate) pulse duration, estimate the bandwidth ∆ν required to produce
a pulse duration of 50 fs. Convert your answer to a wavelength range, centered on 800 nm.

To make a more careful estimate of the relationship between pulse duration and bandwidth, we
can approximate the temporal profile of the pulse as a Gaussian

I (t ) =Ce−t 2/τ2
(1)

The constant τ is the 1/e width of the pulse, which is smaller than the full width at half maximum
(FWHM) that is easy to estimate visually.

Exercise 2 Show that tFWHM = τpln8.

The quantity ∆t that figures in the Heisenberg uncertainty relation is given by

∆t =
∫ ∞
−∞ I (t )t 2 d t∫ ∞
−∞ I (t )d t

(2)

Exercise 3 Using the expressions∫ ∞
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p
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−∞
x2e−αx2

d x =− ∂
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∫ ∞

−∞
e−αx2

d x = 1

2

p
πα−3/2 (4)

show that ∆t = τ/
p

2 for a Gaussian pulse.

A simple result for Gaussian pulses is that the Fourier transform of a Gaussian pulse is also a
Gaussian pulse. That means that for a “transform-limited” Gaussian pulse, the frequency spec-
trum has the same Gaussian form as the temporal profile (although centered around a nonzero
value of carrier frequency). Thus

I (ω) =C ′e−(ω−ω0)2/Ω2

Exercise 4 Combine the reuslts above to show that the time-bandwidth product, using
FWHM for each, leads to the following relationship for transform-limited Gaussian pulses:

tFWHM ωFWHM ≥ ln8

and use this to refine your estimate for the bandwidth required to produce a 35-fs Gaussian
pulse. Also estimate, using Fig. 1, the minimum pulse duration one can, in principle, obtain
from a Ti:sapphire laser.

The Tsunami operates at about 82 MHz, emitting a pulse each time the single pancake of light in
the cavity arrives at the output coupler. Since light moves at about 1 foot per nanosecond, the
cavity length is about 12 feet. The average power out of this laser is roughly 500 mW.

Exercise 5 Estimate the pulse energy and peak power out of the Tsunami.
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1. HOW THE LASER OPERATES 1.1 Amplifier

1.1 Amplifier

Virtually all of those millions of pulses are thrown away each second. A thousand lucky
ones make it into the Spitfire regenerative amplifier, which is pumped by the Evolution laser
at a repetition rate of 1 kHz. These are stretched by a pair of gratings to produce a pulse
of much greater duration than the 50-fs seed pulse, but having precisely the same spectral
width. Furthermore, the chirp of the pulse is linear: as we move across the spectrum of the
seed pulse the di!erent frequency components are delayed in a linearly increasing fashion.
This will be important when it comes time to put them back together to recover a short
(amplified) pulse at the end of the amplifier.

A cautionary note: never touch a grating. They cannot be cleaned, and
any oil from your finger will seriously degrade a grating.

The purpose of stretching the input pulse is to avoid extreme intensities within the
amplifier, where they can easily destroy the Ti:sapphire crystal. Once a seed pulse has been
thoroughly stretched, it is injected into the amplifier cavity, where it passes repeatedly
through the excited Ti:sapphire crystal, extracting gain at each pass. Eventually, the gain
of the crystal is depleted and the pulse begins to lose energy on each successive round trip.
Before that happens, we would like to switch the pulse out of the cavity for us to use.

Both the seed pulse’s entry into the cavity, and the amplified pulse’s switch out of
the cavity come about via Pockels cells, which cause the plane of polarization of the light
to rotate when a high-voltage signal is applied to them. This causes beams to reflect
from surfaces that they otherwise pass through. The timing electronics is responsible for

Figure 3: Layout of the SpitFire regenerative amplifier. (1) input mirror; (8) stretcher grat-
ing; (10) stretcher dielectric retroreflector; (14) mirror coupling into regen cavity, delimited
by mirrors (15) and (25); (32) compressor grating.
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Figure 3: Layout of the SpitFire regenerative amplifier. (1) input mirror; (8) stretcher grating; (10)
stretcher dielectric retroreflector; (14) mirror coupling into regen cavity, delimited by mirrors (15)
and (25); compressor grating.

1.1 Amplifier

Virtually all of those millions of pulses are thrown away each second. A thousand lucky ones
make it into the Spitfire regenerative amplifier, which is pumped by the Evolution laser at a rep-
etition rate of 1 kHz. These are stretched by a pair of gratings to produce a pulse of much greater
duration than the 50-fs seed pulse, but having precisely the same spectral width. Furthermore,
the chirp of the pulse is linear: as we move across the spectrum of the seed pulse the different
frequency components are delayed in a linearly increasing fashion. This will be important when
it comes time to put them back together to recover a short (amplified) pulse at the end of the
amplifier.

A cautionary note: never touch a grating. They cannot be cleaned, and
any oil from your finger will seriously degrade a grating.

The purpose of stretching the input pulse is to avoid extreme intensities within the amplifier,
where they can easily destroy the Ti:sapphire crystal. Once a seed pulse has been thoroughly
stretched, it is injected into the amplifier cavity, where it passes repeatedly through the excited
Ti:sapphire crystal, extracting gain at each pass. Eventually, the gain of the crystal is depleted and
the pulse begins to lose energy on each successive round trip. Before that happens, it needs to
get switched out of the cavity for us to use.

Both the seed pulse’s entry into the cavity, and the amplified pulse’s switch out of the cavity come
about via Pockels cells, which cause the plane of polarization of the light to rotate when a high-
voltage signal is applied to them. The timing electronics is responsible for synchronizing the
pulse train from the Tsunami, the excitation pulses from the Evolution, and the two Pockels cells,
providing variable delays and locking between the Evolution and the Tsunami.

Once the pulse has been switched out of the regenerative amplifier cavity, it is compressed with
another pair of gratings to put the red and blue ends of the spectrum back on top of one another.
This seldom leads to quite so short a pulse as the seed, and we typically obtain about 50 fs for the
output pulse duration. The average output power is about 800 mW (which is only slightly higher
than the average output power of the Tsunami oscillator). Thus, we have traded repetition rate
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Figure 4: SpitFire regenerative amplifier.

synchronizing the pulse train from the Tsunami, the excitation pulses from the Evolution,
and the two Pockels cells, providing variable delays and locking between the Evolution and
the Tsunami.

Once the pulse has been switched out of the regenerative amplifier cavity, it is com-
pressed with another pair of gratings to put the red and blue ends of the spectrum back
on top of one another. This seldom leads to quite so short a pulse as the seed, and we
typically obtain about 50 fs for the output pulse duration. The average output power is
about 800 mW (which is only slightly higher than the average output power of the Tsunami
oscillator). This means that we have traded repetition rate for pulse energy in going through
the regenerative amplifier.

Exercise 1.6 Estimate the peak power of the output pulse of the amplifier.
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Figure 4: SpitFire regenerative amplifier.

for pulse energy in going through the regenerative amplifier.

For a Ti:sapphire laser pulse lasting less than 1 ns, the maximum permissible exposure to the
cornea in a single pulse is given by the expression

Pmax = 5×106C4 Wm−2 (5)

C4 = 100.002(λ−700) (6)

where wavelength is in nanometers. This gives Pmax ≈ 8MW/m2. However, our laser does not
produce single pulses, but a steady train of pulses at 1 kHz. The exposure taken by the cornea in
an “incident” will depend on the reaction time of the victim. For an exposure of t seconds, the
maximum permissible fluence (energy per unit area) is given by

Fmax = 18J/m2C4t 0.75 (7)

where C4 has the same definition as above.

Exercise 6 How many times greater than the maximum permissible exposure level is the
beam coming out of our regenerative amplifier during an exposure of 50 ms?
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