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When you are little, your parents and teadhers tell you not to look at the Sun: it will
blind you. They wereright, and you've clearly learnedthe lesson.As it turns out, the Sun
is the \kinder blinder.” It takesa few momeris to causepermanert damageto your retina,
long enoughfor your re exes to closeyour eyes, avert your gaze,and save your vision.

Most researt lasers are unkind and unforgiving. Our Ti:sapphire laser pulses 1000
times per second. Before your re exes can kick in, your eye would absorb many pulses,any
one of which may have enough energy to destroy the portion of your retina upon which
it is focused. Like any piece of dangerousequipmert (automobiles, high-voltage circuits,
radioactive sources),you needto understand the hazardsand how to avoid them beforeyou
begin working in the laboratory.

The following provides a brief introduction to lasersin general, and our laser in par-
ticular. Besidesdiscussingsome of the optical physics of lasers, it concenrates on how
your eye respondsto light and how it can be damagedby laserbeam. A seconddocumernt
summarizing safe operating proceduresaccompaniesthis one, and concludeswith an in-
formed consen form. As you work through this documen, feel free to ask questionsand
make commernis. Also, pleasework the exercisesto gain familiarity with the magnitudes
involved.

1. How the Laser Operates

A laser producesan extremely bright beam by channeling the optical emissionof an
excited medium into a nearly collimated (parallel) beam. Becauseof the small crosssection
of the beam, a 5{mW HeNe laser beamis much brighter than a 100{W light bulb, despite
being 4 orders of magnitude weaker in averagepower.

Our Ti:sapphire laser is really 4 laserscombined. The Millennia diode laser produces
an infrared beamthat is frequency doubled into the greento provide the pump beam for
the femtosecondoscillator. A sapphire crystal doped with titanium ions absorbsthis green
pump light, putting Ti®* ions that absorb a pump photon in an excited state. The ions
lose someof the energy of the exciting photon to lattice vibrations, sothat they are ready
to radiate in the red and near-infrared spectral region. The absorption and emissionbands
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Figure 1: Absorption and emissionspectrum of Ti:sapphire. The emissionpeakof Ti 3* ions
in sapphireis extraordinarily broad, with a full width at half maximum of nearly 200 nm.
This broad spectrum allows Ti:sapphire lasersand ampli ers to produce extremely short
pulsesof light.

of titanium-dop ed sapphire are showvn in Fig. 1.

The spontaneousradiation from excited Ti3* ions in the Ti:sapphire rod headsout in
all directions; a few lucky photons head towards the spherical mirrors M, and M3 in the
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Figure 2: Layout of the Tsunami femtosecondoscillator.
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right direction to read the ends of the cavity at M1 and the output coupler Mg, which
redirect them bad to the crystal. (SeeFigure 2.) On a secondpassthrough the crystal,
they may stimulate Ti3* to radiate into the sameoptical mode, in phasewith the passing
beam, thereby swelling its intensity. If after a complete round trip through the optical
cavity, the spontaneousphoton arrivesbadk at its point of departure with greater intensity
than when it started (if the cavity has\net gain®), then the intensity in this mode builds
exponertially .

A generalfeature of exponertial growth is that it tends to be very unfair. the winner
takesall. For a gain medium such as Ti:sapphire, ead Ti3* may radiate in a wide band of
wavelengths, although the gain crosssection peaksat a particular wavelength. Other things
being equal, this wavelength would come to dominate the beam. Howewer, mirrors and
other optical elemerns in a cavity in uence the net gain pro le, aswell. Most importantly
in our Tsunami femtosecondoscillator, a pair of prisms provides negative group-velocity
dispersion, which compensatesthe normal (positive) dispersion of the sapphire crystal. In
normal dispersion, red frequenciesmove faster than blue frequencies(Npe > Nreg). This
tends to make pulsesdispersewith time. By providing just enough compensationto make
surethat all wavelengthsin the emissionband of Ti3* take approximately the sametime
to completeoneround trip, the prism pair makesit possibleto generateshort pulsesand to
use a much broader region of the emissionspectrum than would be possibleif the laseris
allowed to \oscillate cw" (cw standsfor \continuouswave" and is the opposite of \pulsed").

Dispersion compensationis generally not enoughto make short pulses;in addition, the
oscillator needssomeincentiv e to pulse. In the caseof Ti:sapphire lasers,this comesfrom
Kerr-lens mode-locking. When the intensity in the sapphire crystal is higher, the index
of refraction increases. Light bends toward regions of higher index of refraction (think
how a corverging lens works), so when the intensity is higher, the beam inside the crystal
becomestighter, making the intensity ewven higher. This positive feedba& works against
normal di raction to raise the intensity in the gain region, where it sernesto increasethe
e ciency with which the beamextracts energyfrom the Ti:sapphire crystal. The nonlinear
focusing e ect provides the incentiv e for the oscillator to operate in a pulsed mode, since
intenselight is more e ectiv e at extracting energy

The duration of the pulsesthat leave the cavity at ead bounceo the slightly transmit-
ting output coupler dependson how well dispersionis compensated;in our casethe pulses
are about 35fs in duration.

Exercise 1.1 Using the Heiserberg uncertainty principle,

~ 1
E t = ! —
2 4
where is the (approximate) pulse duration, estimate the bandwidth required to

produce a pulse duration of 50 fs. Convert your answer to a wavelength range, certered
on 800 nm.
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To make a more careful estimate of the relationship betweenpulse duration and band-
width, we can approximate the temporal pro le of the pulse asa Gaussian

I(t) = Ce =" (1)

The constart  is the 1=e half width of the pulse, which is smaller than the full width at
half maximum (FWHM) that is easyto estimate visually.

Exercise 1.2 Show that tpywpm = pm
The quartity t that gures in the Heiserberg uncertainty relation is given by
Ry
| (t)t2dt
= B )
1 H()adt
Exercise 1.3 Using the expressions
1 p
e X'dx= = (3)
z,t Z,
2, x 2 _ @ X 2 _ 1p — 3=2
xce dx= — e dx = = 4
. @ . > (4)
shav that t= :p 2 for a Gaussianpulse.

A simple result for Gaussian pulsesis that the Fourier transform of a Gaussianpulse
is also a Gaussianpulse. That meansthat for a \transform-limited" Gaussian pulse, the
frequency spectrum hasthe sameGaussianform asthe temporal pro le (although certered
around a nonzerovalue of carrier frequency). Thus

1(1)=Ch ¢ to="

Exercise 1.4 Combine the results above to show that the time-bandwidth product,
using FWHM for ead, leadsto the following relationship for Gaussianpulses:

trwhm ! Fwhm IN8

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

The Tsunami operatesat about 82 MHz, emitting a pulse ead time the single pancake
of light in the cavity arrivesat the output coupler. Sincelight movesat about 1 foot per
nanosecondthe cavity length is about 12 feet. The averagepower out of this laseris roughly
500 mWw.

Exercise 1.5 Estimate the pulse energy and peak power out of the Tsunami.
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1.1 Amplier

Virtually all of those millions of pulsesare thrown away eat second. A thousand lucky
onesmake it into the Spit re regenerative ampli er, which is pumpedby the Evolution laser
at a repetition rate of 1 kHz. Theseare stretched by a pair of gratings to produce a pulse
of much greater duration than the 50-fs seedpulse, but having precisely the samespectral
width. Furthermore, the chirp of the pulseis linear: aswe move acrossthe spectrum of the
seedpulse the di erent frequency componerts are delayed in a linearly increasingfashion.
This will be important when it comestime to put them back together to recover a short
(ampli ed) pulse at the end of the ampli er.

A cautionay note: nevertouch a grating. They cannotbe cleaned,and
any oil from your nger will seriouslydegradea grating.

The purpose of stretching the input pulse is to avoid extreme intensities within the
ampli er, wherethey can easily destroy the Ti:sapphire crystal. Oncea seedpulsehasbeen
thoroughly stretched, it is injected into the amplier cavity, where it passesrepeatedly
through the excited Ti:sapphire crystal, extracting gain at ead pass. Eventually, the gain
of the crystal is depleted and the pulse beginsto loseenergyon ead successie round trip.
Before that happens,we would like to switch the pulse out of the cavity for usto use.

Both the seedpulse's entry into the cavity, and the amplied pulse's switch out of
the cavity comeabout via Pockels cells, which causethe plane of polarization of the light
to rotate when a high-voltage signal is applied to them. This causesbeamsto re ect
from surfacesthat they otherwise passthrough. The timing electronicsis responsible for

Figure 3: Layout of the SpitFire regenerative ampli er. (1) input mirror; (8) stretcher grat-
ing; (10) stretcher dielectric retrore ector; (14) mirror coupling into regencavity, delimited
by mirrors (15) and (25); (32) compressorgrating.
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Figure 4: SpitFire regenerative ampli er.

syndironizing the pulse train from the Tsunami, the excitation pulsesfrom the Evolution,
and the two Pockels cells, providing variable delays and locking betweenthe Evolution and
the Tsunami.

Once the pulse has been switched out of the regenerative ampli er cavity, it is com-
pressedwith another pair of gratings to put the red and blue ends of the spectrum back
on top of one another. This seldom leadsto 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 800mW (which is only slightly higher than the averageoutput power of the Tsunami
oscillator). This meansthat we have traded repetition rate for pulseenergyin goingthrough
the regenerative ampli er.

Exercise 1.6 Estimate the peak power of the output pulse of the ampli er.

¢ Peter N. Saeta 6 4 February 2005



2. CLASSIFICA TION OF LASERS

10

1

108 Class 3

10@ 10 mw
108 1mw

10 = Class 2

10% —
107 = 030w Class 1
1077

1078
107
10P10 | | | | | | | |

200 400 600 800 1000 1200 1400 1600  wavelength (nm;
uv visible near IR IRA IRB IRC

Power (W)

Source: geuritZ Laser 2001

Figure 5: Lasersare classedaccordingto their wavelength and power. The wealkest beams
are designated Class 1, and are generally safe under all circumstances. There are few
sudh lasers! They have powers belov 0.39 W, which is about 1000times weaker than a
typical helium-neonlaser. Higher-numbered classesare progressively more dangerous. Our
Ti:sapphire laseris a class4 laser.

2. Classication of Lasers

Lasersare classi ed accordingto the dangertheir beamsposeto the skin and eyes. The
following table, and Figure 5, shav how power and wavelength get mapped into classes.
Class 1 lasersare so weak that they are safeunder all circumstances. I'm not sure that |
have ever met sud a laser.

All four of the lasersin our setup are Class 4 lasers, meaning that they are very dan-
gerous. They can causeburns to the skin and permanert blindness.

Class1 P 039 W incapable of causingdamage,and considered
safeunder all circumstances;e.g., somelaseer
printers

Class2 039 W P 1mW | visible emissionthat is weak enoughthat the
normal blink response protects the eye; no
danger for an exposure of lessthan 0.25 sec-
onds

Class3A |1 mwW P 5mwW Do not look into the beam, especially
Class3B | 5mW <P 05W through an optical instrument

Class4 P>05W Dangerousto both the eye and the skin, either
by a direct beamor a di usely scattered one
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3. Eye safety

The retina is the sensor responsi-
ble for the translation of visible photons 10° —
into chemical signals that can be sert L5 | M Leser @) ]
down the optic nerve to the brain for
processinginto vision. The retina must 10° N
cope with a tremendousrangein signal 10° F _ 20 KWprojector arc lamp .
strength, from darknessto bright sun- o 3¢ Laser (1 mw) |

light, over ten ordersof magnitude. Per-

haps not surprisingly, bright (indirect) .~ 10" -~ Sun .
. . . € WelderG arc
sunlight is about the maximum our eyes & | o L orcarbon lamp -
can handle; the minimum depends on % .
the individual and the wavelength, but £ *° [ _ ]
. . 2 2 Tungsten filament
underoptimal conditions the humaneye o 10" ° N
candetecta signal of just afewphotons. ¢ 1o° | Ik Fireworks |
Because the eye includes a high- 2 . 4 'ncandesce S
quality lens, the \optical gain" of the § *° [ . .1 Fluorescent lamp 7
eye is quite high, up to about half a = 10°} Exterior daylight
million. This meansthat the intensity 10° - i
on the retina may be hundreds of thou- . e
sandsof times greaterthan the intensity 10~ Television screen
of the beamthat arrivesat the eye. For 108 -
a uniform beam focusedby a lens of fo- 10° - |
cal length f and diameter , the certral
region of the Airy pattern in the focal 1070 el o
. . 10pm 100pm imm 10mm
plane has a radius given by
Retinal spot size
f
r=122— (5) Source: CEA, Scurit Laser 2001

Figure 6: Approximate intensities on the retina

Exercise 3.1 Estimate the factor . ) .
of various common sourcesof illumination.

by which the intensity of a uniform
beam is increasedon focusing by a
human eye.

The danger a laser beam posesto the eye dependson its average power, wavelength,
and size. Depending on the wavelength, the light may be absorbed by the front layer of
tissue, may passthrough all tissuesof the eye, including the retina, without coming to a
focus, or may be focusedon the retina. Figure 7 shaws the intensity on the retina of various
sourcesof light. Two issuesare at play: the tightness of the focus and the power of the
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Figure 7: How the eye absorbsdi erent wavelengths of light.

source. For a diuse sourcesud as a uorescent tube, the total amount of light emitted
may be signi cant, but the sourceextends over a large area, so that the conceriration of
power on any location of the retina is small. Becausea laser beamtends to be very nearly
collimated (parallel), the focal spot on the retina for a relaxed eye focusedat in nit y is very
small, making the intensity (power per unit area) high enoughto causedamage.

How the eye becomegddamageddependsupon details of the lasersourceand the exposure
the retina receivwes. The main medanisms are heating (often explosive, accompaniedby a
blast that detachesthe retina) and photochemical degradation. | have yet to speak with a
doctor or laser safety expert who can give me a corvincing assessmenof which medanisms
operate when an eye is blinded by looking too long at the Sun. Howewer, with a laserbeam
the medanism is often easierto determine.

The rst considerationis wavelength. As shown in Fig. 7, which eye tissuesabsorblaser
light dependson the wavelength.

In the microwave region, aswell asin the x-ray region, the radiation passesunfocused
through all tissuesof the eye and on into the cranial cavity.

Light in the far UV (roughly 100{315nm) and the far IR ( > 1.4 m) is absorbed
in the outer layer of the eye, the cornea, where it can causeburns and permanen
damage of the corneal tissue. When slightly damaged, such as when scratched, the
corneais the fast part of the body to heal. It healsby producing new cells at the
periphery of the eye, and these migrate to the damagedregion and replace damaged
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cells, which are sloughedo by tears. When the \activ e" regionswhere new cells are
produced becomedamaged, no healing of the corneacan take place. In somecases,
it is possibleto transplant a healthy corneato restore sight; in others this fails by
rejection of the transplanted tissue.

Light in the near UV penetratesthe corneabut is absorbedin the lens, whereit can
causea degradation of the proteins of the lens that turns them cloudy and opaque.
This condition is called a cataract; before the hazards of UV exposure were well
understood, many atomic physicists working with UV sources,including Hg lamps,
deweloped cataracts and had to have cataract surgery to replace the lensesof their
eyes. My bossat JILA, Alan Gallagher, had to have both his lensesreplacedfor just
this reason.

In the visible and near infrared spectral region, which includes the spectrum of the
Ti:sapphire laser and the undoubled Nd:YAG laser (which is truly invisible, unlike
the Ti:sapphire), light is well focusedby the corneaand lens onto the retina, leading
to very high intensities at the focal spot. This kind of laser is the most dangerous

for permanent retinal damage.

With an intense, pulsed laser in the visible or
near IR, a single shot from the laser may be suf-
cient to destroy a patch at the focal spot and in
the surrounding area. If the beam arrives straight
on, as showvn in Figure 3., the region of the retina
that is damagedis called the fovea, which is the re-
gion responsiblefor visual acuity and detailed color
vision. In this region of the retina, which is only
about 100 m across,the density of the conesre-
sponsible for color vision is greatest, leading to the
greatest resolution and clarity in the ertire visual
eld of view.

The optic nerve leaves the eye in a region
1.5 mm or so below the fovea. If this region is
destroyed by a laser shot, the eye is irreparably
blinded. Laser spots on other regionsof the retina,
sudh as arise by misdirected laser beamsand stray
re ections that enter the eye away from the for-
ward direction, tend not to be as sewere as hits to

Figure 8: Schematic of the eyeball,
shawing the foveain the certer of the
macula, and the optic nerve placed
somewhato the main axis.

the fovea and optic nerve. Typically, a region surrounding the spot is damagedand goes
blind. It isalsocommonthat with the laserheating of the retinal cells,blood vesselexplode
and blood enters the vitreous humor (the uid that lls the eyeball betweenthe lens and

c Peter N. Saeta 10
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the retina). Those who have su ered sud laser shots describe how terrifying it is to see
one'svision streaked with blood asthough shot in battle. Chunks of retinal tissue can oat
around in the vitreous humor for years, clouding vision and causing\holes" in one's eld
of vision that wander around. According to Prof. Donnelly's personal experience, oaters
can persist for yearsand can be more annoying than the permanert blind spots.

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

Pnax =5 10°C,Wm 2 (6)
Cs= 10P:002(  700) 7)

where wavelength is in nanometers. This givesPmax 8 MW =mZ2. Howevwer, our laser does
not producesingle pulses,but a steadytrain of pulsesat 1 kHz. The exposuretaken by the
corneain an\incident" will depend on the reaction time of the victim. For an exposure of
t secondsthe maximum permissible uence (energy per unit area) is given by

Frmax = 18 J=m2C4t%7® (8)
where C,4 has the samede nition as above.

Exercise 3.2 How many times greater than the maximum permissible exposurelevel is
the beam coming out of our regenerative ampli er during an exposure of 50 ms?

4. Upshot

Laser physicsis enormously rich and varied, and lasershave becomean absolute com-
monplace with CD players and laser pointers. The dangersshould not intimidate us but
sober us. This exposition should persuadeyou of the positively enormousrisks of careless
behavior in alaserlaboratory. One thoughtless mistake can destroy an eye. That eye might
be yours, or it might belongto someoneelsein the room. Most experimens involve team-
work, and it is therefore essetial that everyone understand the risks and dangers,and that
we all work to minimize them.
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Safe Practices

Now that you are corvinced that the equipmert is dangerous,it is time to learn how to
operate it safely

1. Always wear laser glassesor goggles. This is the cardinal rule for the laboratory.
From the time the laseris started up until it is shut down, safety glassesmust be on.
Failure to follow it is grounds for permanent expulsion from the laboratory and
group. No professorwants to make a telephonecall to a student's parents explaining
why their child is now blind in oneeye.

2. Keep the beam parallel to the table. In most circumstances,the beam can remain
at the sameheight above the table throughout an optical setup. In rare situations, it
may be necessaryto use a periscope to change the height of the beam, or to rotate
its polarization. Theseare potential hazards. When the beammovesvertically, it has
a chance of missing a mirror and either bouncing o the table or heading straight up
into an eye.

3. Keep your head above the beam plane. Even with safetly glasseson, do not put
your headat beamlevel. If you must pick somethingup o the o or, train yourselfto
closeyour eyesasyou passthrough the beam plane, regardlessof your safety glasses.

4., Block any beam that you are not using. If you are working elsewherein the labo-
ratory and don't needthe beamon your setup, block the beam as closeto the source
as possiblewithout disturbing others' work.

5. Fasten optics securely A leading causeof accidens is the stray re ection from a
mirror, lens, or other optic that is moved into our out of the beam, by accidert or on
purpose. Block the beam, insert the optic, verify its position with the beam brie y
using the IR viewer, and fasten the optic/mount rmly to the table beforeunblocking
the beam.

6. Eliminate stray re ections. Becauseour laseris sointense, even the stray re ection
from a portion of the beamis su cien t to blind. Carefully track down stray beams
using the IR viewer and/or an IR-sensitive card. Use beam blocks, black paper, iris
diaphragms, and glass Iters to remove them.

7. Ask. When in doubt about the operation of any piece of laboratory equipmert, ask
another student or a professor.

8. Assume the worst. When you enter the laboratory, assumethe laseris on, not o.
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9. Get instruction. Before operating a new pieceof equipmert, have someoneshow you
have it works and explain potential problems. Read the manual. It may take you
seweral times watching the procedurebeforeyou are ready to handle it on your own.
This is normal. | watched folks in France perform the start-up procedureplenty of
times beforel was ready to make more than trivial adjustments. No shamethere.

10. Think! It takesonesplit-secondmisstepto destroy an eye. If you aretired and having
a hard time concertrating, it istime to pad up for the day. Accidents can happen at
any time, but when you're tired or doing something unfamiliar they are much more
likely. When it doubt, discretion is the better part of valor. Think!

Informed Consent

The purposeof this documert has beento acquairt you with the hazards of working
with lasersand to help you learn how to work safely with the laser. When you work alone
on a laser, you alone are at risk. Usually, more than one personis preseri in a laser
laboratory, either collaborating on a single setup or working on independert experimerts
with independert beams. In this case,you are responsible for your safely and the safety of
othersin the room.

| have read this documert, worked the exercises,and understand the hazards of the
1-kHz Ti:sapphire laser system. | have studied the list of safe operating proceduresand
conset to follow them. | understand that | will be permanertly removed from the labora-
tory for failure to useappropriate laser safety glasses.

Signature:

Name:

Date:
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