
Boas
Pitris

ramanujam

Biomedical optics holds tremendous promise to deliver effective, safe, non- or minimally invasive 
diagnostics and targeted, customizable therapeutics. Handbook of Biomedical Optics provides an 
in-depth treatment of the field, including coverage of applications for biomedical research, diagnosis, 
and therapy. It introduces the theory and fundamentals of each subject, insuring accessibility to a wide 
multidisciplinary readership. It also offers a view of the state of the art and discusses advantages and 
disadvantages of various techniques. 

Organized into six sections, this handbook: 

 • Contains introductory material on optics and the optical properties of tissue 
 • Describes the various forms of spectroscopy and its applications in medicine and biology,   
  including methods that exploit intrinsic absorption and scattering contrast, dynamic  
  contrast, as well as fluorescence and Raman contrast mechanisms
 • Provides extensive coverage of tomography from the microscopic with optical coherence   
  tomography (OCT) to the macroscopic with diffuse optical tomography (DOT)  
  and photoacoustic tomography
 • Discusses cutting edge translations to biomedical applications in both basic sciences and 
  clinical studies
 • Details molecular imaging and molecular probe development
 • Highlights the use of light in disease and injury treatment

The breadth and depth of multidisciplinary knowledge in biomedical optics has been expanding 
continuously and exponentially, thus underscoring the lack of a single source to serve as a reference 
and teaching tool for scientists in related fields. Handbook of Biomedical Optics addresses this need, 
offering the most complete up-to-date overview of the field for researchers and students alike. 
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This book is dedicated to Professor Britton Chance (1913–2010), a pioneer in biophotonics and 
a highly respected leader since the inception of this rapidly developing field of the biomedical 
sciences. Through his passion for research and education, he enriched the lives of generations 

of scientists. His legacy will live on through the numerous scientists who trained under his 
mentorship. This book commemorates his relentless spirit of innovation and discovery.
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Preface

There. has. been. tremendous. progress. in. medicine. and. biol-
ogy.over.the.past. few.decades..During.this. time,.we.have.wit-
nessed.previously.unimaginable.advances.in.the.understanding.
of.human.biology.and.physiology..One.notable.example. is. the.
human.genome.project,.which.has.opened.up.new.insights.into.
disease. diagnosis. and. therapy.. Science. and. engineering. have.
been.instrumental.in.harnessing.this.new.knowledge.into.clini-
cally.practical. solutions..Within. the.field.of.medical. imaging,.
the. use. of. light. plays. an. increasingly. important. role. to. reveal.
functional,.structural,.and.molecular.information.nondestruc-
tively;. also,. interest. in. biomedical. optics. is. growing. rapidly..
The. use. of. light. in. medicine. and. biology. offers. great. promise.
to.deliver.non-.or.minimally.invasive.diagnostics.and.targeted,.
customizable. therapeutics. more. efficiently. and. safely.. We. are.
still. far. from. the. holy. grail. of. “optical. biopsies”. and. “opti-
cal.therapeutics,”.but.the.strides.we.are.making.in.biomedical.
optics.foretell.a.future.that.may.well.deliver.on.the.promise.

Biomedical.optics.is.a.broad.discipline.that.covers.the.use.of.
light.in.medicine.and.biology..It.includes.the.use.of.light-based.
diagnostic. methodologies. as. well. as. light-mediated. therapeu-
tics..Light.can.be.used.to.both.image.microstructure.and.attain.
biochemical. information. such. as. the. oxygenation. of. blood. or.
the. redox. state. of. mitochondria.. Optical. imaging. methodolo-
gies.can.cover.from.the.microscopic.to.the.macroscopic.levels,.
with.techniques.including.various.forms.of.microscopy.on.the.
one.hand.and.diffuse.optical.imaging.on.the.other..In.addition,.
diagnostically. useful. biochemical. and. functional. information.
can. be. collected. using. spectroscopic. techniques. or. molecu-
lar. imaging..Laser. surgery. is.now.standard.practice. in.certain.
medical.disciplines,.and.photodynamic.therapy.offers.treatment.
alternatives..More.recently,.tissue.engineering.and.nanotechnol-
ogy.have.entered.the.realm.of.biomedical.optics,.offering.novel.
and.potentially.powerful.possibilities.both.in.the.formation.(e.g.,.
with.two-photon.techniques).as.well.as.the.monitoring.of.tissue.
constructs.

The.breadth.and.depth.of.the.knowledge.in.biomedical.optics.
has.been.expanding.continuously.and.exponentially..We.receive.
this.progress.with.excitement;. at. the. same. time,. it. exemplifies.
the. daunting. amount. of. multidisciplinary. information. that.
is. being. amassed. and. the. lack. of. a. single. source. to. serve. as. a.
reference.and.teaching.tool.for.scientists.in.related.fields..With.
this.handbook,.we.aim.to.provide.a.comprehensive.and.detailed.

source.of.knowledge. to.serve.as.a.research.and.teaching.refer-
ence.for.both.graduate.and.undergraduate.students.

This. handbook. is. organized. into. six. parts:. Background. (Part.
I),. Spectroscopy. and. Spectral. Imaging. (Part. II),. Tomographic.
Imaging. (Part. III),. Microscopic. Imaging. (Part. IV),. Molecular.
Probe.Development.(Part.V),.and.Phototherapy.(Part.VI)..Part.I.
provides.introductory.material.on.optics.as.well.as.the.optical.prop-
erties.of.tissue..Part.II.describes.the.various.forms.of.spectroscopy.
and. its. application. in. medicine. and. biology,. including. methods.
that.exploit.intrinsic.absorption.and.scattering.contrast,.dynamic.
contrast,.as.well.as.fluorescence.and.Raman.contrast.mechanisms..
Tomographic.imaging.enables.the.formation.of.three-dimensional.
images. despite. the. strong. blurring. of. the. highly. scattered. light.
within.the.tissue..Part.III.provides.extensive.coverage.of.tomog-
raphy.from.the.microscopic.with.optical.coherence.tomography.to.
the.macroscopic.with.diffuse.optical.tomography.and.photoacous-
tic.tomography..Part.IV.discusses.both.conventional.and.cutting-
edge.technologies.and.their.translation.to.biomedical.applications.
in.the.basic.sciences.and.clinical.studies..Molecular.imaging.holds.
great.promise.for.providing.exquisite.sensitivity.to.disease-specific.
markers..Its.success.is.dependent.on.the.development.of.exogenous.
agents.that.are.detailed.in.Part.V..Finally,.Part.VI.provides.exam-
ples.of.how.light.is.being.used.to.treat.disease.and.injury.

We.are.indebted.to.the.hard.work.of.all.of.the.authors.to.help.cre-
ate.this.comprehensive.and.cohesive.handbook..We.have.learned.
a.great.deal.about.the.process.of.compiling.a.handbook.and.thank.
Luna.Han.for.all.of.her.assistance.and.patience..We.would.also.
like.to.thank.Christy.Wanyo.for.her.tremendous.assistance.at.the.
end.with.handling.the.daunting.tasks.of.formatting.the.chapters..
Prof..Ramanujam.would.also.like.to.thank.Ms..Marlee.Junker.for.
managing.many.of.the.day.to.day.tasks.associated.with.compil-
ing,.reviewing,.and.handling.portions.of.this.handbook.

For. MATLAB•. and. Simulink•. product. information,. please.
contact:

The.MathWorks,.Inc.
3.Apple.Hill.Drive
Natick,.MA,.01760-2098.USA
Tel:.508-647-7000
Fax:.508-647-7001
E-mail:.info@mathworks.com
Web:.www.mathworks.com
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Geometrical optics. is. the. study.of. light.without.diffraction.or.
interference.and.is.based.on.Fermat’s principle..We.treat.light.
as.particles.of.energy.traveling.through.space..These.particles.
follow. trajectories. that. are. called. rays.. Hence,. geometrical.
optics.is.often.called.ray optics..Fermat’s.principle.is.a.concise.
statement.that.contains.all.the.physical.laws,.such.as.the.law of 
reflection.and.the.law of refraction,.in.geometrical.optics.(Poon.
and.Kim.2006).

1.1 Fermat’s Principle

Fermat’s.principle.states.that.the.path.of.a.light.ray.follows.is.an.
extremum.in.comparison.to.nearby.paths..The.extremum.may.be.
a.minimum,.a.maximum,.or.stationary.with.respect.to.variations.
in.the.ray.path..However,.the.extremum.is.usually.a.minimum..For.
a.simple.example,.as.shown.in.Figure.1.1,.the.shortest.distance.(the.
minimum.distance).between.two.points.A.and.B.is.along.a.straight.
line.(solid.line).in.a.homogeneous medium,.i.e.,.in.a.medium.with.a.
constant.refractive index,.instead.of.taking.the.nearby.dotted.line..
Since.the.speed.of.light.in.a.homogeneous.medium.is.constant,.the.
time.it.takes.for.the.ray.to.traverse.the.solid.line.must.be.minimum..
Hence.Fermat’s.principle.is.often.stated.as.a.principle of least time..
Under.this.context,.the.light.ray.would.follow.that.path.for.which.
the.time.taken.is.minimum..For.a.more.complicated.example,.we.
show.the.derivation.of.the.well-known.Snell’s.law.of.refraction..In.
Figure.1.2,.θi.and.θt.are.the.angles.of.incidence.and.transmission,.
respectively..The.angles.are.measured.from.the.normal.NN′.to.the.
interface.MM′,.which.separated.media.1.and.2,.characterized.by.
refractive.indexes.ni.and.nt,.respectively..The.total.time.taken.to.
transit.from.point.A.to.B.is.given.by

.
t z

v v
h z

v
h d z

v
( ) ( ) ,= + =

+
+

+ −AO OB
1 2

1
2 2

1

1
2 2

2
. (1.1)

where.v1.and.v2.are.the.light.velocities.in.media.1.and.2,.respec-
tively..According.to.Fermat’s.principle,.we.are.required.to.mini-
mize.the.total.time..In.order.to.minimize.t(z),.we.set
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which.gives

.

sin sin .θi

v v1 2
=

θt

Now,.v1.=.c/ni.and.v2.=.c/nt,.where.c.is.the.speed.of.light.particles.
in.vacuum..Hence.the.above.equation.becomes

. n ni i t tsin sin ,θ θ= . (1.2)

which.is.called.Snell’s law of refraction.

1.2 Matrix Method in Paraxial Optics

1.2.1 ray transfer Matrix

We. now. consider. how. matrices. may. be. used. to. describe. ray.
propagation.through.optical.systems.comprising,.for.instance,.a.
succession.of.lenses.all.centered.on.the.same.axis.called.the.opti-
cal axis..We.take.the.optical.axis.along.the.z-axis,.which.is.the.
general.direction.in.which.the.rays.travel..We.also.consider.those.
rays,.called.paraxial rays,.that.lie.only.in.the.x–z.plane.and.that.
are.close.to.the.z-axis..To.be.precise,.paraxial.rays.are.rays.with.
angles. of. incidence,. reflection,. and. refraction. at. an. interface,.
satisfying.the.small-angle.approximation.in.that.tan.θ.≈.sin.θ.≈.θ.
and. cos.θ.≈.1,. where. angle. θ. is. measured. in. radians.. Paraxial 
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optics.deals.with.paraxial.rays..Hence,.in.paraxial.optics,.Snell’s.
law.simplifies.to

. n ni i t tθ θ= . . (1.3)

We.can.now.consider.the.propagation.of.a.paraxial.ray.through.
an.optical.system.shown.in.Figure.1.3,.where.a.ray.at.a.given.x–z.
plane.may.be.specified.by.its.height.x.from.the.optical.axis.and.by.
its.angle.θ.or.slope,.which.makes.with.the.z-axis..The.convention.
for.the.angle.is.anticlockwise.positive.measured.from.the.z-axis..
The.height.x.of.a.point.on.a.ray.is.taken.positive.if.the.point.lies.
above.the.z-axis.and.negative.if.it.is.below.the.z-axis..The.quanti-
ties.(x,.θ).represent.the.coordinates.of.the.ray.for.a.given.z-plane..
However,. it. is.customary.to.replace. the.corresponding.angle.θ.

by.v = nθ,.where.n.is.the.refractive.index.at.the.z-constant.plane..
Therefore,.as.shown.in.Figure.1.3,.the.ray.at.z = z1.passes.through.
the.input.plane.with.input.ray.coordinates.(x1,.n1θ1).or.(x1,.v1)..
After. the. ray. has. gone. through. the. optical. system,. the. output.
ray.coordinates.at.z = z2. are. (x2,.n2θ2).or. (x2,.v2).. In. the.matrix.
formalism.of.paraxial.optics,.we.relate.the.input.coordinates.to.
the.output.coordinates.by.a.2.×.2.matrix.as.follows:

.
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The.above.ABCD.matrix.is.called.the.ray transfer matrix,.which.
can.be.made.up.of.many.matrices.to.account.for.the.effects.of.ray.
passing.through.various.optical.elements.such.as.lenses..To.write.
out.Equation.1.4,.we.have

. x x v2 1 1= +A B . (1.5a)

and

. v x v2 1 1= +C D . . (1.5b)

As.an.example,.let.us.formulate.Snell’s.law.in.terms.of.the.matrix.
formulism..From.Equation.1.3,.we.can.write.it.as

.
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where.v2.=.n2θt.and.v1.=.n1θi..Hence.the.ABCD.matrix.for.Snell’s.

law.is. 1 0
0 1

⎛
⎝⎜

⎞
⎠⎟

,.and.Figure.1.4.summarizes.the.matrix.for.mulism.

for.Snell’s.law..Note.that.the.input.and.output.planes.in.this.case.
are.the.same.plane.at.z = z1.=.z2.and.x1.=.x2.as.the.heights.of.the.
input.and.output.rays.are.the.same..Other.useful.matrices.are.
summarized.in.Figure.1.5..In.Figure.1.5a,.we.have.the.transla-
tion matrix.T,.which.describes.the.ray.undergoing.a.translation.
of.distance.d.in.a.homogenous.medium.characterized.by.n,.and.
the.matrix.equation.is.given.as.follows:

A N

Medium 1
Medium 2 M΄

N΄

h2

nt

ni
h1

Z

Bd

M O

θi

θt

FIGURE 1.2 Law.of.refraction:.incident.(AO).and.refracted.(OB).rays.

Output planeInput plane

z (optical axis)
Optical system

x2
x1

z = z1 z = z2

θ1

θ2

FIGURE 1.3 Input.and.output.planes.in.an.optical.system.

z1= z2

n1 n2

zθi
θt 1

1

0

0

FIGURE 1.4 ABCD.matrix.for.Snell’s.law.

A

B

FIGURE 1.1 In.a.homogeneous.medium,.light.ray.takes.the.shortest.
distance,.a.straight.line.(solid.line),.between.two.points.
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where.v2.=.nθ2.and.v1.=.nθ1..Hence.the.translation.matrix.for.ray.
propagating.a.distance.d.in.a.homogenous.medium.of.n.is

.

T =
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d
n . . (1.7b)

Note.that.when.the.ray.is.undergoing.translation.in.a.homoge-
neous.medium,.θ1.=.θ2,.and.therefore.v1.=.v2..When.a.thin.con-
verging.lens.of.focal.length.f.is.involved,.the.matrix.equation.is

.
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where.L.is.the.thin-lens matrix.given.by

.

L = −

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟

1 0
1 1

f
. (1.8b)

Note.that.by.definition,.a.lens.is.thin.when.the.thickness.of.it.
is.assumed.to.be.zero,.and.hence.x1.=.x2,.i.e.,.the.input.and.out-
put.planes.have.become.the.same.plane.or.z1.=.z2,.as.shown.in.
Figure.1.5b.

1.2.2  ray tracing through thin 
Converging Lens

1.2.2.1  Input rays traveling Parallel 
to the Optical axis

From. Equation. 1.8a,. we. recognize. that. x1.=.x2. as. the. heights.
of. the. input.and.output. rays.are. the. same. for. the. thin. lens.as.
illustrated. in. Figure. 1.5b.. Now,. according. to. Equation. 1.8a,.
v2.=.−(1/f )x1.+.v1..For.v1.=.0,.i.e.,.the.input.rays.are.parallel.to.the.

optical.axis,.v2.=.−(1/f )x1..For.positive.x1,.v2.<.0.as.f.>.0.for.a.con-
verging.lens..For.negative.x1,.v2.>.0..Hence.all.input.rays.parallel.
to. the. optical. axis. converge. behind. the. lens. to. the. back. focal.
point.F.(a.distance.of.f.away.from.the.lens).of.the.lens.as.shown.
in.Figure.1.6a..Note.that.for.a.thin.lens,.the.front.focal.point.is.
also.a.distance.of.f.away.from.the.lens.

1.2.2.2  Input rays traveling through 
the Center of the Lens

For. input. rays. traveling. through. the. center. of. the. lens,. their.
input.ray.coordinates.are.(x1,.v1).=.(0,.v1)..The.output.ray.coor-
dinates,.according.to.Equation.1.8a,.are.(x2,.v2).=.(0,.v1).because.
v2.=.v1,.Hence.we.see.all.rays.traveling.through.the.center.of.the.
lens.will.pass.undeviated.as.shown.in.Figure.1.6b.

1.2.2.3  Input rays Passing through the 
Front Focal Point of the Lens

For.this.case,.the.input.ray.coordinates.are.(x1,.x1/f),.and,.accord-
ing.to.Equation.1.8a,.the.output.ray.coordinates.are.(x2.=.x1,.0),.
which. states. that. all.output. rays.will.be.parallel. to. the.optical.
axis.(v2.=.0),.as.shown.in.Figure.1.6c.

1.3 a thin Converging Lens

1.3.1 Imaging

In.this.section,.we.show.an.example.of.using.the.transfer.matri-
ces,.namely,.the.translation.matrix.T.and.the.lens.matrix.L,.to.
analyze. the.problem.of.a. single. thin. lens..Figure.1.7. shows.an.
object.OO′.located.at.a.distance.d0.in.front.of.a.thin.lens.of.focal.
length.f..We.first.construct.a.ray diagram.for.the.imaging.system,.
and. the.knowledge.obtained. from.the. last. section.should.help.

FF

(a) (b) (c)

FIGURE 1.6 Ray. tracing. through.a. thin.converging:. (a).all.parallel.
input.rays.converge.to.the.back.focal.point.F,.(b).all.input.rays.through.
the.center.of.the.lens.pass.undeviated,.and.(c).all.input.rays.through.the.
front.focal.point.F.give.output.rays.parallel.to.the.optics.axis.
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FIGURE 1.5 (a).ABCD.matrix.for.ray.translation.in.homogeneous.medium:.translation.matrix.T..(b).ABCD.matrix.for.ray.diffraction.by.thin.
lens.of.focal.length.f:.lens.matrix.L.
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us.to.accomplish.it..We.send.two.rays.from.a.point,.say.from.O′,.
toward.the.lens..Ray.1.from.O′. is. incident.parallel. to.the.opti-
cal.axis,.and. from.part. (a). from.the. last. section,. the. input. ray.
parallel.to.the.optical.axis.converges.behind.the.lens.to.the.back.
focal.point.F..A.second.ray,.i.e.,.ray.2.also.from.O′.may.now.be.
drawn.through.the.center.of.the.lens.without.bending—that.is,.
the.result.from.part.(b).from.the.last.section..The.interception.
of.the.two.rays.on.the.other.side.of.the.lens.will.form.an.image.
point.of.O′..The.image.point.of.O′.is.labeled.at.I′.in.the.diagram.

Now.we.investigate.the.imaging.properties.of.the.single.thin.
lens. using. the. matrix. formalism.. Let. us. consider. the. input.
plane,.the.immediate.plane,.and.the.output.plane.as.shown.in.
Figure.1.7..We.also.let.(x0,.v0),.(xp,.vp),.and.(xi,.vi).represent.the.
coordinates. of. the. ray. at. O′,. P. (where. P. is. on. the. immediate.
plane,.and.O′P.defines.the.path.where.the.parallel.ray.from.O′.
hitting.the.thin.lens),.and.I′,.respectively..We.see.that.there.are.
three.matrices. involved. in. the.problem..From.the. input.plane.
or.the.object.plane.to.the.immediate.plane,.it.involves.a.trans-
lation.matrix.of.distance.d0.(see.Equation.1.7b,.where.we.have.
assumed.n.=.1.for.air):
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, . (1.9)

and.then.when.the.incident.ray.to.the.lens.is.diffracted.from.the.
intermediate.plane,.we.have
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where.(xp,.vp).and.( , )� �x vp p .are.the.input.ray.and.output.ray.coor-
dinates.due.to.the.thin.lens..Note.that.(xp,.vp).and.( , )� �x vp p .are.on.
the.same.plane—the.intermediate.plane.as.the.lens.is.thin..Now.
finally,.the.ray.exiting.from.the.lens.will.translate.for.a.distance.
di.to.reach.the.final.output.plane.(or.the.image.plane):
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By. substituting. Equation. 1.9. into. Equation. 1.10. and. subse-
quently.into.Equation.1.11,.we.can.relate.the.input.coordinates.
(x0,.v0).on.the.object.plane.to.the.output.coordinates.(xi,.vi).on.
the.image.plane.of.the.whole.system.as.follows:
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where
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is. called. the. system matrix. of. the. entire. imaging. system.. The.
overall.system.matrix.S.is.expressed.in.terms.of.the.product.of.
three.matrices.T2LT1.written.in.order.from.right.to.left.as.the.ray.
goes.from.left.to.right.along.the.optical.axis..Let.A.and.B.be.the.
2.×.2.matrices.as.follows:

.
A B=

⎛

⎝⎜
⎞

⎠⎟
=

⎛

⎝⎜
⎞

⎠⎟
a b
c d

and
e f
g h

.

Then,.the.matrix.product.AB.is

.
AB =

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟ =

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

a b
c d

e f
g h

ae bg af bh
ce dg cf dh

+ +

+ +
. . (1.13)

According.to.the.rule.of.matrix.multiplication.in.Equation.1.13,.
Equation.1.12b.can.be.simplified.to
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Hence.Equation.1.12a.becomes
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To.investigate.the.conditions.for.imaging,.let.us.concentrate.on.
the.ABCD.matrix.of.S.in.the.above.equation..For.imaging,.the.
B.element.of.S.must.be.zero,.which.leads.to.xi.=.Ax0.+.Bv0.=.Ax0..
This.means.that.all.rays.passing.through.the.input.plane.at.the.
same. object. point. x0. will. pass. through. the. same. image. point.
xi. in. the. output. plane—a. condition. of. imaging.. In. addition,.
A.=.xi/x0.is.the.lateral magnification.of.the.imaging.system..Now,.

Output plane or
image plane

Input plane or
object plane

Intermediate plane

Ray 1

Ray 2

F

F
I

I΄

dido

O΄

O

P

FIGURE 1.7 Imaging.of.a.thin.converging.lens.
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in.our.case.of.thin-lens.imaging,.B.=.0.in.Equation.1.15.leads.to.
d0.+.di.−.d0di/f.=.0,.which.gives.the.thin-lens formula:

.

1 1 1
0d d f

+ =
i

. . (1.16)

The.sign.convention.is.that.the.object.distance.d0.is.positive.(neg-
ative).if. the.object. is.to.the.left.(right).of.the.lens..If. the.image.
distance.di.is.positive.(negative),.the.image.is.to.the.right.(left).of.
the.lens,.and.it.is.real.(virtual)..In.Figure.1.7,.we.have.d0.>.0,.di.>.0,.
and.the.image.is.therefore.real,.which.means.physically.that.light.
rays.actually.converge.to.the.formed.image.

Returning.to.Equation.1.15.with.Equation.1.16,.we.have
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which. relates. the. input. ray. and. output. ray. coordinates. in. the.
imaging.system..The.lateral.magnification.M.of.the.imaging.sys-
tem,.using.Equations.1.16.and.1.17,.is

.
M A x

x
d

f
d
d

= = =
−

= −i i i

0 0

1 . . (1.18)

If.M.>.0,. the. image. is.erect.and. if.M.<.0,. the. image. is. inverted..
As.shown.in.Figure.1.7,.we.have.inverted.image.as.both.di.and.
d0.are.positive.

When. imaging. of. a. volume,. we. need. to. consider. longitudi-
nal.magnification.as.well..Longitudinal magnification Mz.is.the.
ratio.of.an.image.displacement.along.the.axial.direction.δdi. to.
the. corresponding. object. displacement. δd0:Mz.=.δdi/δd0.. Using.
Equation.1.16.and.treating.di.and.d0.as.variables,.we.can.take.the.
derivative.of.di.with.respect.to.d0.to.obtain

.
M d

d
Mz = = −

δ
δ

i

0

2. . (1.19)

Equation.1.19.states.that.the.longitudinal.magnification.is.equal.
to. the. square. of. the. lateral. magnification.. The. minus. sign. in.
front. of. the. equation. means. that. the. decrease. in. the. distance.
of.the.object.from.the.lens.|d0|.will.result.in.the.increase.in.the.
image.distance.|di|..The.situation.of.a.magnified.volume.is.shown.
in.Figure.1.8,.where.a.cube.volume.(abcd.plus.the.dimension.into.
the.paper).is.imaged.into.a.truncated.pyramid.with.a–b.imaged.
into.a′–b′.and.c–d.imaged.into.c′–d′.

1.3.2  Numerical aperture, resolution, 
Depth of Focus, and Depth of Field

The. numerical aperture. NA. of. a. lens. is. usually. defined. for. an.
object. or. image. located. infinitely. far. away.. It. is. a. measure. of.

the.light-gathering.ability..Figure.1.9.shows.an.object.located.at.
infinity,.which.sends.rays.parallel.to.the.lens..The.angle.θim.used.
to.define.the.NA.on.the.image.side.is

.
NA ni i

im=
⎛

⎝
⎜

⎞

⎠
⎟sin θ

2
. (1.20)

where.ni.is.refractive.index.in.the.image.space..Let.us.now.find.
the. lateral. resolution,. Δx.. Since. we. treat. light. as. particles. in.
geometrical. optics,. each. particle. can. then. be. characterized. by.
its. momentum,. p0.. Quantum. mechanics. relates. the. minimum.
uncertainty.in.a.position.of.quantum,.Δx,.to.the.uncertainty.of.
its.momentum,.Δpx,.according.to.the.relationship

. Δ Δx p hx ≥ , . (1.21)

where
h.is.Planck’s constant
Δpx. is. the. momentum. difference. between. rays. FB. and. FA.

along. the. x-direction,. i.e.,. the. transverse. direction. as.
shown.in.Figure.1.9

The.momentum.of.the.FB.ray.along.the.x-axis.is.zero,.while.the.
momentum.of.the.FA.ray.along.the.x-axis.is.p0.sin(θim/2),.where.
p0.=.h/λ0.with.λ0.being.the.wavelength.in.the.medium,.i.e.,.in.the.
image.space..Hence.Δpx.is.Δpx.=.p0.sin(θim/2)..By.substituting.this.
into.Equation.1.21,.we.have
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. (1.22)

z (optical axis)

A

p0

BF

x

f

Stop

θim

∆z
∆px

∆pz

FIGURE 1.9 Uncertainty.principle.used.to.find.resolution.and.depth.
of.focus.
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b d
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á ć

d΄

δd0 δdi

FIGURE 1.8 Longitudinal. magnification:. the. image. of. a. magnified.
volume.is.on.the.right.side.of.the.lens.(side.view).
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Since. the. wavelength. in. the. image. space,. λ0. is. equal. to. λ/ni,.
where.λ. is. the. wavelength. in. air. or. in. vacuum,. Equation. 1.22.
becomes,.using.Equation.1.20,

.
Δx

n
≥ =

λ
θ

λ

i im i/ NAsin( )
.

2
. (1.23)

Similarly,.we.can.calculate.the.depth-of-focus,.Δz,.using.ΔzΔpz.≥.h,.
where.Δpz.is.the.momentum.difference.between.rays.FB.and.FA.
along.the.z-direction,.as.shown.in.Figure.1.9..Details.of.the.deri-
vation. have. been. provided. (Poon. 2007),. and. we. state. the. final.
result.as.follows:

.
Δz n

≈
2 i

i
2

λ
NA

. . (1.24)

To. summarize. the. above. results,. Figure. 1.10. shows. an. image-
forming.instrument.with.θ0b.and.θim.denoting.the.ray.of.maxi-
mum.divergent.angle.and.maximum.convergent.angle.from.the.
object.side.and.the.image.side,.respectively..If.the.resolutions.in.
the.object.space.are.given.by.Δx0.≈.λ/NA0.and. Δz n0 02≈ λ/NA0

2,.
where. NA0.=.n0. sin(θob/2). is. the. NA. and. n0. is. the. refractive.
index.in.the.object.space,.and.if.the.lateral.magnification.of.the.
instrument. is. M,. the. resolutions. on. the. image. space. are. then.
Δxi.≈.MΔx0. and. Δzi.≈.M2Δz0.. Take. a. 40×,. NA0.≈.0.6. microscope.
objective. as. an. example,. we. have. Δx0. ≈1.μm. for. red. light. and.
Δz0.in.the.object.space.is.called.depth of field,.which.is.given.by.
Δz n0 02 3 3≈ ≈λ/NA m0

2 . μ .for.n0.=.1.in.air..In.the.image.space,.the.
lateral.resolution.is.Δxi.≈.MΔx0.≈.40.μm,.and.the.depth.of.focus.is.
Δzi.≈.M2Δz0.≈.5.2.mm.

1.4 Magnifying Lens

The.normal.eye.can.form.sharp.images.of.objects.as.close.to.as.
about.250.mm.away..The.distance.of.250.mm.is.known.as. the.

near point. (NP). or. least distance of distinct vision. of. the. eye..
For. the.eye. to.view.objects. closer. than. the.NP,.a.magnifying.
lens.can.be.used..The.magnifying. lens. is.simply.a.converging.
lens..Figure.1.11a.shows.that.the.unaided.eye.forms.an.image.
of. an.object. located.at. the.NP,. and.Figure.1.11b. shows. that. a.
magnifying.lens.forms.a.virtual.image,.where.the.object.is.well.
within.the.NP.of.the.eye,.and.we.assume.that.the.eye.is.close.
to.the.lens..Therefore,.the.magnifying.lens.makes.an.erect.and.
magnified.virtual.image.of.the.object..From.Equation.1.16,.we.
can.write

.
d f

d f
di =

−0
0, . (1.25)

where
f.is.the.focal.length.of.the.magnifying.lens
di.should.be.negative.and.greater.in.magnitude.than.d0.as.we.

recall.M.=.−di/d0

Note.that,.if.d0.=.f,.di.→.∞,.the.magnification.M.tends.to.be.infi-
nite..In.practice,.the.paraxial.approximation.limits.M.to.values.
about.10.for.a.single.lens..In.any.case,.the.magnifying power.or.
angular magnification,.Mθ,.is.conventionally.used.for.magnify-
ing.lenses.or.microscopes.(Nelkon.and.Parker.1970):

.
Mθ

α
α

=
NP

, . (1.26)

where. αNP. and. α. have. been. defined. in. Figure. 1.11a. and. b..
Figure.1.11c.shows.the.situation.when.d0.=.f,.where.the.image.of.
the.object.appears.coming.from.infinity..The.eye.is.most.com-
fortable. or. relaxed. (called. zero accommodation). to. see. distant.
objects,. whereas. the. eye. must. achieve. maximum accommoda-
tion. to. see. an. image. located. at. its. NP. (see. Figure. 1.11a. and. b.
when.di.=.−.250.mm].

Now. by. definition. αNP.=.h0/250,. where. h0. is. the. size. of. the.
object.as.shown.in.Figure.1.11a.for.an.unaided.eye..Also,.α.=.h0/
d0. from. Figure. 1.11b.. Hence. according. to. Equation. 1.26,. we.
have

.
M h d

h dθ = =0 0

0 0250
250/

/
, . (1.27)
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NAi = ni sin(θim/2)
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∆zi ≈
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λ
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nin0

2niλ
2

FIGURE 1.10 Image-forming.instrument.illustrating.depth.of.focus.
and.resolution.in.the.image.space.

h0 αNP

250 mm

Eye

NP
(a)

F

∞

(c)di

d0

h0
hi α

(b)

F

FIGURE 1.11 (a).Object.at.the.NP.of.the.eye,.(b).object.located.within.the.focal.length.of.the.magnifying.lens,.and.(c).object.located.at.the.front.
focal.point.F.of.the.magnifying.lens.(eye.relaxed.as.the.eye.receiving.parallel.rays).
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where. in. Equation. 1.27,. d0. is. measured. in. millimeters.. If. the.
image.is.viewed.at.infinity,.i.e.,.d0.=.f,.the.eye.is.relaxed,.and.we.
have

.
M

fθ =
250 , . (1.28a)

where.the.image.is.formed.at.infinity.
At. the. other. extreme,. if. the. image. is. viewed. at. the. NP,. we.

find.d0.=.fdi/(di.−.f).from.Equation.1.16..But.di.=.−.250,.so.we.have.
d0.=.−.250.f/(−250.−.f)..By.substituting.this.quantity.into.Equation.
1.27,.we.have

.
M

fθ = +1 250 , . (1.28b)

where.the.image.formed.at.the.near.point.of.the.eye.
This. is. the. maximum. value. of. the. magnifying. power. that.

can. be. achieved. with. a. single. magnifying. lens. for. the. eye.. In.
Equations.1.28a.and.b,.Mθ.>.0.as.f .>.0.for.a.converging.lens,.which.
means.that.the.image.is.always.virtual.and.erect.

1.5 Compound Microscope

A.compound.microscope.uses.two.converging. lenses..The.lens.
with.short.focal.length.f0.facing.the.object.is.called.the.objective..
The.lens.with.focal.length.fe.in.front.of.the.eye.is.called.the.eye-
piece..The.objective.makes.a.real,.inverted,.and.magnified.image.
of. the.object.within.the.focal. length.of. the.eye-piece..The.eye-
piece.then.further.magnifies.the.image.from.the.objective.by.act-
ing.as.a.magnifying.lens.to.eventually.give.a.magnified,.virtual.
image.of.the.object..The.situation.is.shown.in.Figure.1.12a..Let.us.
now.find.the.magnifying.power.of.the.compound.microscope,.
Mθ

C,. if. the. image. is.viewed.at. the.NP.of. the.eye..Again,.using.
Equation.1.26,.we.have

.
Mθ

C C

NP
=

α
α

, . (1.29)

where. αC. is. defined. in. Figure. 1.12a.. Let. us. further. work. on.
Equation.1.29..As.usual,.we.assume.that.the.eye.is.close.to.the.
eye-piece..The.angle.αC.subtended.by.the.image.of.height.h2. is.

given.by.αC.=.h2/250..With.the.unaided.eye,.the.object.of.height.
h. subtends. an. angle. αNP.=.h/250.. Therefore,. we. can. rewrite.
Equation.1.29.as

.
M h

h
h
h

h h
h hθ

C C /
/

/
/

= = = =
α
αNP

2 2 2 1

1

250
250

.. (1.30)

The.factor.h1/h.is.simply.the.lateral.magnification.of.the.objec-
tive,.which.is.given.by.M0.=.h1/h.=.1.−.di/f0.(see.Equation.1.18)..As.
for.h2/h1,.we.see.that.the.angular.magnification.for.the.eye-piece.
by.definition.is.M h h h hθ

e
C NP/ / /= = ( ) ( ) =α α 2 1 2 1250 250 ,.which.

is.equal.to.1.+.(250/fe).according.to.the.results.given.by.Equation.
1.28b..Hence.Equation.1.30.becomes

.
M h h

h h
M M d

f fθ θ
C e i

e

/
/

= = = −
⎛

⎝⎜
⎞
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+

⎛

⎝⎜
⎞

⎠⎟
2 1

1
0

0
1 1 250 . (1.31)

for.the.image.observed.at.the.NP.of.the.eye..Since.d fi
C> 0, Mθ .is.

always.negative.(as.M0.<.0.and.Mθ
e > 0).to.reflect.that.we.observe.

a.virtual.and.inverted.final.magnified.image..From.Equation.
1.31,.we.recognize.that.the.magnifying.power.of.the.compound.
microscope.is.conveniently.expressed.in.terms.of.the.product.
of.the.lateral.magnification.produced.by.the.objective.and.the.
magnifying.power.of.the.eye-piece..Now.if.the.final.image.is.to.
be.formed.at.infinity,.the.eye.is.unaccommodated.or.relaxed..
In.this.case,.we.notice.that.the.real.image.formed.by.the.objec-
tive.must.be.located.at.the.focal.point.of.the.eyepiece..The.situ-
ation.is.shown.in.Figure.1.12b..We,.therefore,.have

.
M h f

h
h
h f

d
f fθ

C

NP

e

e

i

e

/
/

= = = = −
⎛

⎝⎜
⎞

⎠⎟
∞α

α
1 1

0250
250 1 250 . . (1.32)

Considering.the.objective.only,.the.image.distance.must.then.be.
equal.to.di.=.f0.+.L,.and.the.lateral.magnification.of.the.objective.
is.subsequently.given.by

.
M d

f
f d

f
L

f0
0

0

0 0
1= − =

−
=

−i i . . (1.33)

Incorporating.this.into.Equation.1.32,.the.magnifying.power.of.
the.compound.microscope.becomes

d0

di h1

250 mm

h

h2

f0 feL

D

αC

(a)

di h1h

∞

d0 f0 feL

D

α∞

(b)

FIGURE 1.12 Compound.microscope.(a).image.formed.at.the.NP.of.the.eye.and.(b).image.formed.at.infinity.(eye.relaxed).
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.
M M

f
L

f fθ = =
−

0
0

250 250
e e

. . (1.34)

L.is.known.as.the.tube length.and.in.most.US-made.microscopes,.
the.standard.is.that.L.=.160.mm..Therefore,.the.lateral.magnifica-
tion.stated.on.the.barrel.of.an.objective.usually.assumes.160.mm.
tube.length..Otherwise,.L.will.be.stated.on.the.barrel..In.prac-
tice,.the.tube.length.is.large.compared.to.either.f0.or.fe.
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2.1  Huygens’ Principle

According.to.Huygens,.each.point.on.a.wave.front.serves.as.the.
source.of.a.spherical.secondary.wavelet.with.the.same.frequency.
as. the.primary.wave..The.amplitude.at.any.point. is. the. super-
position. of. these. wavelets.. Note. that. Huygens’. principle. con-
siders. diffraction. as. a. summation. of. spherical. waves,. not. as. a.
summation. of. plane. waves,. as. we. will. consider. in. Section. 2.7..
This.theory.gives.a.simple.qualitative.description.of.diffraction.
but.needs.to.be.adapted.to.give.good.agreement.with.more.exact.
.formulations.that.will.be.shown.later.in.Section.2.6.

Consider.the.propagation.of.a.plane.wave..Each.point.in.the.
wave. front. can. be. considered. as. a. source. of. secondary. waves.
(Figure.2.1)..This.describes.the.propagating.wave.correctly,.but.
suggests.the.possibility.that.the.wave.can.equally.well.propagate.
backward..This. is.one. reason. the.model.has. to.be.modified. to.
agree.with.exact.theories.

2.2  Fraunhofer and Fresnel Diffraction

Consider.an.opaque.screen.illuminated.with.a.plane.wave..The.
light.spreads.as.a.result.of.diffraction..If.the.observation.screen.
is. far. enough. away. from. the. aperture,. the. diffraction. pattern.
does. not. change. in. structure,. but. merely. changes. in. size,. as.
the. distance. is. further. increased.. This. situation. is. called. the.
Fraunhofer.diffraction.(Figure.2.2)..Closer.to.the.aperture.the.
diffraction. pattern. does. change. with. distance.. This. is. called.
Fresnel.diffraction..Calculation.of.Fresnel.diffraction. is.based.
on.an.approximation,.which.eventually.breaks.down:.closer.to.
the.aperture.more.advanced.theories.are.required..We.shall.dis-
cuss. these. regions. later.. The. Fraunhofer. diffraction. pattern. is.
obtained.at.a.very. large.distance.from.the.aperture,.but.using.
a.lens,.an.image.of.it.can.be.formed.at.a.finite.distance..In.this.
case,. the. regions. either. closer. or. further. from. the. lens. give.
Fresnel.diffraction.

2
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2.3  Huygens’ Diffraction Formula

According.to.Huygens’.principle.the.amplitude.at.P.is.obtained.
by.integrating.the.contribution.from.the.points.in.the.surface.S..
If.the.source.and.observation.points.are.quite.close.to.the.axis,.
for.unpolarized.light,.the.field.vectors.can.be.represented.by.sca-
lars.because.they.are.almost.normal.to.the.axis..We.find.that

.

U P i e
r

U Q S
ikr

S

( ) = − ( )∫∫λ
d . . (2.1)

This.form.of.the.equation.is.in.a.slightly.different.form.compared.
with.that.of.Hecht.(1987),.for.example..U(Q).gives.the.strength.of.
the.illumination.at.Q,.eikr/r.represents.a.spherical.wave.emanat-
ing.from.Q,.and.the.factor.−i/λ.results.from.the.fact.that.Q.is.a.
driven.dipole..The.far-field.of.a.dipole.is.π/2.out.of.phase.with.the.
forcing.function,.similar.to.the.behavior.of.resonance.

This. expression. has. been. developed. from. a. semiqualitative.
model:.it.is.not.strictly.correct.but.gives.a.good.prediction.if,.first,.
we.are.not.too.close.to.the.aperture,.and,.second,.if.the.aperture.is.
large.compared.with.the.wavelength..In.optics.these.two.conditions.
are.usually,.but.not.always,.true..The.more.rigorous.Kirchhoff.dif-
fraction.formula.we.will.derive.later,.but.usually.this.is.not.much.
of.an.improvement.because.it.still.does.not.take.account.of.the.fact.
that.the.illumination.of.the.aperture.is.changed.by.the.presence.of.
the.screen,.and.in.addition.vector.effects.are.also.neglected.

If. the. aperture. is. illuminated. with. a. spherical. wave. from. a.
point.a.distance.s.away.(Figure.2.3),.then

.
U Q A e

s

iks

( ) = ,

and

.

U P A i e
rs

S
ik r s

S

( ) = −
+( )

∫∫λ
d . . (2.2)

This.is.a.form.of.the.Huygens–Fresnel.diffraction.formula.

2.4  Fraunhofer Diffraction

In.Equation.2.1,.r.does.not.change.very.much.as.Q.varies.over.S..
Although.it.is.still.necessary.to.take.account.of.the.changes.in.
the.exponent.because.this.produces.a.multiplicative.factor,.in.the.
denominator.we.can.assume.r.is.constant.at.a.value.r0:

.

U P i
r

e U Q Sikr

S

2
0

1( ) = − ( )∫∫λ
d . . (2.3)

Now,.we.have.(Figure.2.4)

.

r x x y y z

r x y x x y y

2
2 1

2
2 1

2 2

0
2

1
2

1
2

1 2 1 22

= −( ) + −( ) +

= + +( ) − +( ). . (2.4)

FIGURE 2.1 Huygens’.principle.for.the.propagation.of.a.plane.wave.

Fraunhofer diffractionFresnel diffraction

Near-field region (Fresnel approximation breaks down)Evanescent
wave region

FIGURE 2.2 Regimes.of.diffraction.

) ) ) S

Q

Pr

s
A

FIGURE 2.3 Geometry.of.diffraction.

Q (x1, y2)

S

z

r0

r
P (x1, y2)

FIGURE 2.4 Geometry.of.the.Fraunhofer.diffraction.
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Taking.the.square.root.of.both.sides,.if.x1,.y1.≪.r0,.we.can.neglect.
the.second.term.and.expand.the.square.root.to.give

.
r r

x x y y
r

= −
+( )

0
1 2 1 2

0
. . (2.5)

This. is.one. form.of. the.Fraunhofer.approximation..Sometimes.
the.expansion.is.made.in.terms.of.z,.rather.than.r0,.but.expan-
sion.in.r0.is.valid.for.larger.values.of.x2,.y2..So.for.our.case

.

U P i
r

ikr U x y ik
r

x x y y
S

2
0

0 1 1 1
0

1 2 1 2( ) = − ( ) ( ) − +( )⎡

⎣
⎢

⎤

⎦
⎥∫∫λ

exp , exp dxx y1 1d .
.(2.6)

The.condition.x1,.y1.<<.r0.can.be.written

.
r

k x y
0

1
2

1
2

2
>>

+( )max . . (2.7)

Introducing.the.Fresnel.number.N,

.
N

x y
r

=
+( )1

2
1
2

0

max ,
λ

. (2.8)

we.have

.
N <<

1
π

. . (2.9)

As.an.example,. for. x y1
2

1
2 21+ = mm ,. that. is. the.width. is.2.mm,.

then.for.the.Fraunhofer.condition.to.be.valid,.r0.≫.6.m,.which.will.
not.be.the.case.in.a.laboratory.experiment..But.for.x1.=.100.μm,.
r0.≫.60.mm,.which.we.can.observe.easily.

If.we.define.the.Fourier.transform.of.f (x).as

.
F f m f x e ximx( )⎡⎣ ⎤⎦ = ( )

−∞

+∞

−∫ 2π d , . (2.10)

Equation.2.6.is.recognized.as.saying.that

.
U P F U x y2 1 1 1( ) = × ( )⎡⎣ ⎤⎦ const. , . . (2.11)

In.these.expressions.U(x1,.y1).is.taken.as.the.value.of.the.incident.
field. in. the. aperture,. and. zero. outside. of. the. aperture.. This. is.
called.the.Kirchhoff.boundary.condition.

2.4.1   Examples of Fraunhofer 
Diffraction—Single Slit

For.a.long.slit,.length.2l,.width.2a,.in.the.plane.y2.=.0.illuminated.
uniformly

.
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. (2.12)

where.A.is.the.area.of.the.aperture.

2.4.2  rectangular aperture

Consider. now. a. rectangular. slit,. sides. 2a. and. 2b,. illuminated.
with.a.plane.wave..The.diffracted.amplitude.is

.
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x iy y

a

a

( ) = − ( ) −
⎛
⎝⎜

⎞
⎠⎟

−
−
∫λ

π
λ

π
λ0

0
1 2

0
1

1 22 2exp exp expd
rr

y
b

b

0
1

⎛
⎝⎜

⎞
⎠⎟

−
∫ d .
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(2.13)

so.that.the.intensity.is

.
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 . . (2.14)

There.are.zeros.along.a.series.of.perpendicular.lines.in.the.dif-
fraction.pattern.(Figure.2.5).

2.4.3  Circular aperture

Consider.diffraction.by.a.circular.aperture,.radius.a..Introducing.
polar.coordinates.(Figure.2.6)

.

x R x R

y R y R

1 1 2 2

1 1 2 2

= =

= =

cos , cos ,

sin , sin ,

φ ϕ

φ ϕ . (2.15)
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the.diffracted.field.is

.

U P i
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ikr
ikR R

r
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exp exp
cos

d ddφ.
.

(2.16)

As.the.answer,.by.symmetry,.is.independent.of.φ,.we.can.assume.
without.loss.of.generality.that.φ.=.0..The.integral.in.ϕ.is.thus

.

exp cos .−
⎛
⎝⎜

⎞
⎠⎟∫

ikR R
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0
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2
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But.we.know.that

.

J z iz0

0

2
1

2
( ) = ( )∫π

φ φ

π

exp cos d . (2.18)

as.this.is.the.definition.of.the.Bessel.function.of.the.first.kind.of.
order.zero,.so

.
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This.integral.can.be.solved.by.use.of.the.recurrence.relationship.
(Abramowitz.and.Stegun.1965,.Eq..9.1.20)

.

1
1 0z z

zJ z J zd
d

( )⎡⎣ ⎤⎦ = ( ). . (2.20)

We.have

.
J z z z zJ z0 1∫ ( ) = ( )d , . (2.21)

so.the.diffracted.amplitude.is

.
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where.A.is.the.area.of.the.aperture,.or
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This. is. illustrated. in.Figure.2.7..Note. that.we.have.written. the.
equation.in.this.form.as.2J1(v)/v.→.1.for.v.→.0.

FIGURE 2.5 Fraunhofer.diffraction.by.a.rectangular.aperture.

θ

r
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FIGURE 2.6 Diffraction.by.a.circular.aperture.
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ka sin θ
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FIGURE 2.7 Fraunhofer.diffraction.by.a.circular.aperture.
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2.4.4  annular aperture

For.an.annular.aperture.(Figure.2.8),.in.Equation.2.6.we.can.put

.
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, . (2.24)

where.circ(x).=.1,.x.<.1;.=.0,.x..>.1..Therefore
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As. the. value. of.ε. is. increased. (Figure. 2.9),. the. central. peak.
becomes.narrower,.but.the.side.lobes.become.stronger..For.the.
limiting.case.when.ε.→.1,
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2.5  Fresnel Diffraction

2.5.1  Introduction

Knowing.the.field.in.a.plane.x1,.y1.we.can.calculate.the.field.in.
the.plane.x2,.y2.using.Equation.2.3.

Using. the. binomial. theorem. to. expand. the. square. root,.
Equation.2.5.now.becomes.(without.neglecting.the.second.term)
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So
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2.5.2  Circular aperture

Consider. a. circular. aperture. illuminated. with. a. plane. wave..
Using.Equation.2.18.in.Equation.2.28,.we.have
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Unfortunately,. this. integral. cannot. be. solved. in. terms. of. ele-
mentary.functions,.though.it.can.be.solved.in.terms.of.Lommel.
.functions.(Born.and.Wolf.1975)..This.approach.is.not.particu-
larly.useful,.and.it.is.usually.easier.to.solve.it.numerically.

But,.along.the.axis.it.reduces.to.a.simple.form:
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or

.
I r ka

r2 0
2

2

0
0 4

4
, sin .( ) =

⎛

⎝⎜
⎞

⎠⎟
. (2.31)

So.we.obtain.a.series.of.maxima.and.minima.(zeros).in.intensity.
along.the.axis.(Figure.2.10)..This.can.be.explained.in.terms.of.

a

εa

ε ≤ 1

FIGURE 2.8 An.annular.aperture.
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FIGURE 2.9 Normalized. intensity. in. the. Fraunhofer. diffraction.
.pattern.of.an.annular.aperture.
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Fresnel’s.zones.in.the.following.way..Contributions.from.succes-
sive.zones.(Figure.2.11).tend.to.cancel.as.the.phases.are.different.
by.180°..If.the.number.of.zones.is.N,.then.a2.=.nλr.and

.
N a

r
=

2

λ
, . (2.32)

that. is,. it. is. equal. to. the. Fresnel. number,. defined. earlier.
(Equation 2.8).

Note.that.for.a.general.axially.symmetric.U1,.along.the.axis,.
the.amplitude.is

.

U r ik
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ikr U R ikR
r

R R
a

2 0
0

0 1

0

1
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0
1 10

2
, exp exp .( ) = − ( ) ( )

⎛

⎝⎜
⎞

⎠⎟∫ d . (2.33)

Let.R a t1
2 2/ = ,.and.put.U1(R1).=.V1(t)..We.have

. 2 1 1
2R R a td d= ,

and.thus

.

U r i N ikr V t i Nt t2 0 0 1

0

1

0, exp exp .( ) = − ( ) ( ) ( )∫π π d . (2.34)

So.the.intensity.is.given.by

.
I N N FT V t2

2
1

2
( ) = ( ) ( )⎡⎣ ⎤⎦π . . (2.35)

2.5.3  rectangular aperture

If.a.rectangular.aperture,.sides.2a,.2b,.is.illuminated.by.a.plane.
wave,.from.Equation.2.28,

.
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Now,.consider.the.integral
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By.completing.the.square

.
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where

.
w

r
x x= −( )2

0
2 1

λ
. . (2.39)

We.now.introduce.the.Fresnel.integrals,.defined.as

.
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w
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So
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.
= −

⎛

⎝⎜
⎞

⎠⎟

+( )
⎡

⎣
⎢

⎤

⎦
⎥ − −( )

⎡

⎣
⎢

⎤

⎦
⎥

2
2

2 2

2
2
2

0

0
2

0
2

0
exp ikx

r

F
r

x a F
r

x a

r
λ λ

λλ
. (2.42)
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FIGURE 2.10 Intensity.along.the.axis.of.a.circular.aperture.accord-
ing.to.the.Fresnel.diffraction.theory.
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and.thus

U x y i ikr ikR
r

F w F w

F

x x2 2 2 0
2
2

0
2

2 2 1, exp exp( ) = − ( )
⎛

⎝⎜
⎞

⎠⎟
( ) − ( )⎡⎣ ⎤⎦

× ww F wy y2 1( ) − ( )⎡
⎣

⎤
⎦ . . (2.43)

The. Fresnel. integrals. are. tabulated.. They. have. the. following.
important.properties:

.

C w C w

S w S w

( ) = − −( )

( ) = − −( )

⎫
⎬
⎪

⎭⎪
odd function, . (2.44)

. C S F0 0 0 0 0( ) = ( ) = ( ) =, , . (2.45)

.
C S F i∞( ) = ∞( ) = −∞( ) = − −( )1

2
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1, , . (2.46)

.
C S F i−∞( ) = −∞( ) = − −∞( ) = − −( )1

2
1
2

1, . . (2.47)

Let.us.consider.first.what.happens.as.the.aperture.becomes.very.
large..Then.from.Equation.2.43,.at.x2.=.y2.=.0

.
U i ikr i ikr2 0

2
00 0

2
1, exp exp .( ) = − ( ) +( ) = ( ) . (2.48)

So.it.reproduces.exactly.what.is.expected.for.a.plane.wave!.This.is.
remarkable,.because.the.assumptions.we.have.made.such.as.the.
Fresnel.approximation.and.that.r.≈.r0.break.down.for.points.on.
the.aperture.that.are.far.from.the.axis..It.works.because.the.con-
tributions.from.these.off-axis.points.are.weak.because.they.are.
far.away..So.now.it.is.established.that.the.method.can.be.applied.
even.for.an.infinitely.large.aperture,.giving.us.some.confidence.
to.look.at.some.other.cases.

2.5.4  Single Slit

Here.b.→.∞.and.we.can. take.y2.=.0.without. loss.of.generality,.
so that

.
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For. slits. we. get. intensity. distributions. such. as. those. shown. in.
Figure.2.12.

Along.the.axis,.x2.=.0,.and

.
U i ikr F

r
a2 0

0
0 1 2( ) = − +( ) ( )

⎛

⎝⎜
⎞

⎠⎟
exp .

λ
. (2.50)

The. intensity. along. the. axis. (Figure. 2.13). should. be. com-
pared.with.that.for.a.circular.aperture..It.should.be.noted.that.
the. .minima. are. not. zeros. this. time.. The. maxima. correspond.
approximately.to.the.case.when.the.Fresnel.number.N = a2/λ.r0.is

.
N n= +2 3

4
, . (2.51)

and.the.minima.approximately.to.the.case.when

.
N n= +2 5

4
, . (2.52)

where.n.is.zero.or.a.positive.integer.

2.5.5  Half-Plane

For.diffraction.by.an.edge,.we.can.put.in.Equation.2.42

.
w

r
x w2

0
2 1

2
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λ
, , . (2.53)
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FIGURE 2.12 Fresnel.diffraction.by.a.slit:.(a).N = a2/λr0.=.5,.(b).N.=.2,.and.(c).N.=.0.5.
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so.that.the.intensity.is

.
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Note.that.the.diffraction.pattern.is.the.same.at.any.distance,.but.
of.course.it.scales.with.distance.(Figure.2.14)..This.is.in.contrast.
to.the.diffraction.pattern.for.a.slit,.which.changes.with.distance.

2.5.6  Circular Obstruction

Consider.a.circular.obstruction,.radius.a..Then

.
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The.first. term.represents.a.plane.wave.and. the.second.the.dif-
fracted.field.for.a.circular.aperture,.rather.than.an.obstruction..

This.is.a.particular.case.of.Babinet’s.principle,.which.states.that.
the.sum.of.the.fields.for.two.complementary.screens.is.equal.to.
the.unobstructed.disturbance.

The. first. term. we. evaluated. in. Equation. 2.48:. it. gave. just.
exp(ikr0)..So
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The.intensity.is.thus.constant.along.the.axis.(the.approximations.
break.down.when.we.get. too.close. to. the.obstruction)..This. is.
the.Poisson.(or.Arago).spot..It.can.be.regarded.as.being.caused.
by.light.scattered.from.the.edge.of.the.disc..Comparing.with.the.
case.of.the.circular.aperture,.Equation.2.30.represents.interfer-
ence. between. the. edge-diffracted. wave. and. the. undiffracted.
wave. (R1.=.0)..This. is. the.principle. of. the.boundary.diffraction.
wave.concept.introduction.by.Young.

2.6  Kirchhoff Diffraction Integral

We.now.return.to.the.problem.of.deriving.the.diffraction.inte-
gral.starting.from.the.wave.equation

.
∇ +( ) =2 2 0k U . . (2.57)

Consider.a.closed.surface.S.with.inward.normal.n.(Figure.2.15)..
Then. we. can. show. using. Green’s. theorem. that. at. any. point.
inside S

.
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FIGURE 2.13 Intensity.along.the.axis.for.a.slit.aperture.according.to.
Fresnel.diffraction.
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FIGURE 2.15 Diffraction.according.to.Kirchhoff.diffraction.theory.
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for. any. U′. which. also. satisfies. the. wave. equation.. We. can. get.
different.solutions.by.appropriate.choice.of.the.so-called.Green.
function.U′.that.satisfies.the.wave.equation.

If. we. choose. U′.=.exp(ikr)/r,. which. satisfies. the. wave. equa-
tion,.and.excluding.the.region.around.its.singularity.at.r.=.0,.we.
obtain.the.Kirchhoff.diffraction.integral:

.
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d . . (2.59)

It.must.be.stressed.that.this.expression.is.rigorously.correct.(in.
the.scalar.approximation).

Consider.now.diffraction.by.a.planar.screen.with.an.aperture.
illuminated. with. a. wave. emanating. from. point. S.. We. assume.
that. the.field. in.the.aperture. is. the.same.as. in.the.screen.were.
absent..So.in.the.aperture

.
U U e
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⎠⎟ ( )0 0 1, cos , ,∂

∂
. (2.60)

where. cos(n,s). is. the. cosine. of. the. angle. between. the. n. and. s.
directions,.whereas.on.the.screen

.
U U

n
= =0 0, .∂

∂
. (2.61)

These.are.called.the.Kirchhoff.boundary.conditions.
So,.neglecting.1/s.and.1/r.in.comparison.to.k,

.
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cos cos
SS. . (2.62)

Here.we.have.assumed.that.the.contribution.from.the.spherical.
part.of.the.surface.S.vanishes.as.its.radius.is.made.increasingly.
large..The. factor. in. square.brackets. is. called. the.obliquity. fac-
tor..Apart.from.this,.the.expression.is.identical.to.Equation.2.22..
Equation.2.62.is.the.Kirchhoff.diffraction.formula..Note.that.the.
surface.of.integration.is.arbitrary.

Although. the. Kirchhoff. diffraction. integral. is. exact,. the.
assumed.boundary.conditions.are.not..So.the.Kirchhoff.diffrac-
tion.formula.is.also.not.exact..In.particular.it.fails.to.reproduce.
the.assumed.field.in.the.aperture..This.is.because.the.choice.of.U.
and.∂.U/∂n.in.the.aperture.is.inconsistent.

It.can.be.shown.that.in.fact,.for.the.special.case.of.integration.
over.a.planar.region,
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and

.
U e

r
U
n

S
ikr

p d= −
⎛

⎝⎜
⎞

⎠⎟∫∫
1

2π
∂
∂

. (2.64)

These.are.called. the.Rayleigh–Sommerfeld. I.and. II.diffraction.
formulae.. They. have. the. advantage. of. being. consistent. as. we.
need. only. assume. U. or. ∂U/∂n. in. the. aperture,. but. are. not. in.
practice.any.more.accurate.as.we.do.not.usually.know.either.U.
or.∂U/∂n.accurately..In.fact,.Equation.2.59.can.be.thought.of.as.
the.average.of.Equations.2.63.and.2.64.and.has.been.claimed.to.
give.a.better.prediction.of.the.field.at.P.

2.7  angular Spectrum of Plane Waves

Consider.a.single.plane.wave.propagating.at.angle.θ,.for.which

. E E ikx ikz= −( ) −( )0 exp sin exp cos .θ θ . (2.65)

In.the.plane.z.=.0

. E E ikx= −( )0 exp sin ,θ

which.is.a.harmonic.variation.with.spatial.wavelength.λ/sin.θ..
So.if.we.alter.θ,.we.alter.the.spatial.wavelength.in.the.x.direction..
According.to.Fourier.synthesis,.any.field.in.the.plane.z.=.0.can.be.
represented.by.a.sum.of.Fourier.components:

.
E x G ikx dy ( ) = ( ) −( ) ( )

−∞

+∞

∫ θ θ θexp sin sin . . (2.66)

G(θ). is. the. strength. of. a. plane. wave. component. traveling. in.
direction. θ.. Here. G(θ). is. complex. to. account. for. the. relative.
phase.of.the.components..As.a.simple.example,.for.the.field
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we.have.immediately.sin.θ.=.±λ/Λ,.representing.two.plane.waves..
In.this.case,.the.diffraction.pattern.of.the.cosine.grating.in.the.
far.field.is.two.bright.spots.

2.8  Evanescent Waves

Note.that

.
E x G ikx d( ) = ( ) −( ) ( )

−∞

+∞

∫ θ θ θexp sin sin . (2.68)

has.limits.±∞..But.|sin.θ|.≤1.for.θ.to.be.real..So.|sin.θ|.>.1.corre-
sponds.to.waves.traveling.at.a.complex.angle..We.have

. k k kx z
2 2 2+ = , . (2.69)
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so.that

. k k kz x
2 2 2= − . . (2.70)

If.kx.>.k,.we.can.put

. k i k kz x= ± −2 2 ,

which.is.imaginary..Therefore.the.electric.field.is

.
E E ik x z k kx x= −( ) ± −( )⎡

⎣⎢
⎤
⎦⎥

0
2 2exp exp , . (2.71)

representing. a. wave. traveling. in. the. x. direction,. but. with. an.
exponential.decay.in.the.z.direction..Note.that.we.take.the.posi-
tive.root.to.give.a.physical.solution.for.z.≥.0.

This. is. an. evanescent. wave.. The. integral. integrates. over. all.
propagating.and evanescent waves.. In.the.far.field,.the.evanes-
cent.waves.have.decayed,.so.they.make.no.contribution:.only.the.
propagating.waves.remain.

2.9  Diffraction by a Phase Screen

Suppose.we.have.a.screen.that.has.an.amplitude.transmittance.
t(x,y)..This.is.complex.to.account.for.amplitude.and.phase.effects..
Then.if.it.is.illuminated.by.a.plane.wave,.amplitude.U0.the.field.
immediately.after.the.screen.is.U0t.

A.thin.lens.can.be.thought.of.as.such.a.screen..It.consists.of.
an.amplitude.term.P(x1,.y1).that.is.called.the.pupil.function.of.
the.lens,.which.is.unity.in.the.aperture.and.zero.outside,.and.a.
phase.term.eiΦ(x,y).

. t x y P x y ei x y
1 1 1 1, , ,,( ) = ( ) ( )Φ . (2.72)

or.in.polar.coordinates

. t r P r ei r
1 1 1 1

1 1, , .,θ θ θ( ) = ( ) ( )Φ . (2.73)

In.general,.we.can.expand.Φ.as.a.power.series.in.r.and.also.as.a.
series.in.cos.nθ:
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2 2r cos ,θ +� . (2.74)

or,.collecting.all.the.terms.except.the.squared.term,

.
Φ Φ= + ʹ( )a r r20

2 , .θ . (2.75)

So.the.amplitude.transmittance.of.the.lens.can.be.written.as

.
t r P r ia r ei

1 1 1 20 1
2, exp .θ( ) = ( ) ( ) ʹΦ . (2.76)

After.the.lens,.neglecting.diffraction.for.the.present,
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. . (2.77)

Neglecting. Φ′,. which. represents. aberrations,. the. phase. front.
through.the.origin.is.the.paraboloid.with.equation.(Figure.2.16)

.

a r
k

z20
2

0+ = . . (2.78)

Consider.a.sphere,.radius.f,.centered.on.z = f..Then

. r z f f2 2 2+ −( ) = ,

and.using.the.binomial.theorem.and.assuming.r ≪ f

.
z f f r f r

f
−( ) = − = ± −

⎛

⎝⎜
⎞

⎠⎟
2 2

2

1
2

. . (2.79)

Taking.the.negative.root.and.comparing.Equations.2.78.and.2.79

.

a
k f
20 1

2
= − . . (2.80)

So.the.lens,.including.the.aberration.term,.can.be.taken.as

.
t r P r ikr

f
ei

1 1 1
1
2

2
, exp ,θ( ) = ( ) −
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⎝⎜
⎞

⎠⎟
ʹΦ . (2.81)

where.f.is.the.focal.length.of.the.lens.

r

z

FIGURE 2.16 Phase.front.of.a.lens.
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2.10  thin Lens

For.a.thin.lens,.the.field.after.the.lens.is.(Goodman.1968)

.
U x y U x y P x y ik n x y2 1 1, , , exp ,( ) = ( ) ( ) −( ) ( )⎡⎣ ⎤⎦Δ . (2.82)

where
Δ.is.the.thickness.of.the.glass
n.is.its.refractive.index.(Figure.2.17)

In.the.paraxial.approximation,.x/R1.≪.1.and.higher.powers.can.
be.neglected,.so
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Thus,
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Putting

.

1 1 1 1
1 2f

n
R R

= −( ) −
⎛
⎝⎜

⎞
⎠⎟

, . (2.85)

we.then.have
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The. term. exp[ik(n.−.1)Δ0]. is. a. constant. phase. term,. which. we.
neglect.

2.11  Focus of a Lens

We.assume.the.lens.is.illuminated.by.a.plane.wave.so.that

.
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. (2.87)

This. represents. a. spherical. wave. convergent. on. the. point. F.
(Figure.2.18)..But
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as

. r f x x y y2 2
3

2
3

2
= + −( ) + −( ) ,

so.that.if.(x3.−.x).≪.f.
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FIGURE 2.17 The.thin.lens.
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FIGURE 2.18 Focusing.by.a.lens.
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From.now.on.we.shall.not.write.explicitly.the.limits.±∞.on.the.
integrals..The.field.after.the.lens.is

.
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(2.89)

We. now. consider. some. important. special. cases. for. the. pupil.
function.

2.12  Circularly Symmetric aperture

Most.real.optical.systems.have.circular.symmetry,.so.we.can.put

. P x y P r,( ) = ( )

and
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In.particular,.for.a.circular.aperture.of.radius.a
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Let.us.define.the.numerical aperture.of.the.lens:

.
NA a

f
= =sin .α . (2.92)

We.define.a.normalized.optical.coordinate

.
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f
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and.also.put
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Then.in.general
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or.introducing.the.Fresnel.number

.
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, . (2.96)

and.the.field.is
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For.a.plain.circular.aperture
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This. is. called. the. amplitude. point. spread. function. or. impulse.
response..Note.that

.
N a

f
a f

= = =
2 2

λ
α

λ
α

λ
sin sin ,

that.is,.for.a.big.lens.(compared.with.the.wavelength),.N.is.very.
large.and.the.exponential.term.is.close.to.unity..The.intensity.is.
the.modulus.squared.of.the.amplitude,.giving.the.Airy.disc:
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The.intensity.variation.is.as.shown.in.Figure.2.7..In.Figure.2.9,.
the.effect.of.a.central.obstruction.is.also.shown..As.the.obstruc-
tion. ratio. ε. increases,. the. point. spread. function. becomes.
.narrower, but.with.larger.side-lobes.

2.13  Effect of Defocus

We. now. consider. the. field. on. a. defocused. plane,. z = f.+.δz.
(Figure 2.19)..The.field.is
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For.a.radially.symmetric.system
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For.a.circular.aperture,.again.of.radius.a,.put
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if.δz ≪ f..So
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Along.the.axis,.v.=.0,.the.field.is
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So.the.intensity.along.the.axis.is
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The.field.at.a.general.point.can.be.calculated.from.Lommel.func-
tions.or.by.numerical.integration.

It. is. interesting. to. consider. also. the. annular. aperture.
P(ρ).=.δ(ρ.−.1)..Then.from.Equation.2.100
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or
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I v u N J v, .( ) = ( )4 2 2
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2π . (2.107)

Note.that.the.intensity.does.not.change.with.u.(within.the.range.
of. validity. of. the. equation).. This. represents. a. Bessel. beam. (a.
so-called. diffraction-free. beam),. which. is. the. subject. of. much.
research.at.present..Actually,.it.is.very.well.known.as.a.mode.of.
free.space.in.cylindrical.coordinates,.for.example,.of.a.circular.
waveguide..Power.diffracts.outward,.but.also. inward. from. the.
large.side.lobes,.to.achieve.a.dynamic.equilibrium.

2.14  Image Formation

Before.the.lens.(Figure.2.20)
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FIGURE 2.19 Geometry.of.defocus.
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FIGURE 2.20 Imaging.by.a.lens.
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Multiplying.by.the.pupil.function,.the.amplitude.after.the.lens.is
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So,.finally.the.image.amplitude.is
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(2.108)

We.now.look.at.some.special.cases.

2.14.1  Special Cases

The. first. case. that. we. consider. is. when. the. lens. law. is. satis-
fied,. 1/d1.+.1/d2.=.1/f.. Then,. d2.=.Md1,. where. M. is. magnification..
The field.is

.

U x y
Md

ikd M P x y U x y3 3 3 2
1

1 2 2 1 1 1
1 1, exp , ,

exp

( )= − +( )⎡⎣ ⎤⎦ ( ) ( )

×

∫∫∫∫λ

iik
d

x y ik
Md

x y

ik
d

x x

2 21
1
2

1
2

1
3
2

3
2

1
2 1

+( )⎡

⎣
⎢

⎤

⎦
⎥ +( )⎡

⎣
⎢

⎤

⎦
⎥

× −

exp

exp ++⎛
⎝⎜

⎞
⎠⎟

+ +⎛
⎝⎜

⎞
⎠⎟

⎡

⎣
⎢

⎤

⎦
⎥

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪

x
M

y y y
M

x y x y3
2 1

3
1 1 2 2d d d d .

.
(2.109)

Performing.the.integrals.in.terms.of.x2,y2,.we.have
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which. is. the. point. spread. function,. given. by. the. Fourier.
.transform.of.the.pupil.function..Then
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Now,. for. good. imaging,. h. falls. off. quickly,. that. is,. x1.+.x3/M. is.
small,.or.x1.≈.−x3/M,.so.that.(Goodman.1968)
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The.intensity.can.thus.be.written.as

.

I x y
Md

U h3 3 3
2

1
2 2 1

21, ,( ) =
( )

⊗( )
λ

. (2.113)

where.⊗.represents.the.convolution.operation..We.can.show.that.
this.is.also.valid.with.defocus:.then.h.is.then.the.defocused.point.
spread.function.and

.
u a

f d d
= − +
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⎣
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So,. for. coherent. imaging,. for. an.object. t(x,.y),. the. intensity. in.
the.image.is

.

I x y
Md

t h3 3 3
2

1
2 2

21, .( ) =
( )

⊗( )
λ

. (2.115)

Imaging.is.linear.in.amplitude,.and.space.invariant,.that.is.the.
convolution.means.that.each.point.of.the.object.results.in.a.dis-
tribution.of.amplitude.in.the.image.given.by.the.amplitude.point.
spread. function..Finally,. the. intensity. in. the. image. is.given.by.
finding.the.modulus.squared.of.the.amplitude.

Note. that. Equation. 2.112. shows. that. the. image. of. a. point.
(x1, y1).in.the.object.occurs.at.a.point.(x1.+.x3/M.=.0,.y1.+.y3/M.=.0),.
the.center.of. the.point.spread.function.h..That. is,.at.x3.=.−Mx1,.
y3.=.−My1:.thus.the.image.is.inverted.and.magnified.by.a.factor.M.
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Next,. we. consider. the. defocused. case,. 1/d1.+.1/d2.≠.1/f..
We take

.

1 1 1 1
1 2 0d d f d

+ − = . . (2.116)

From.Equation.2.108.we.can.see.that.Equation.2.109.is.still.valid.
if.we.put.Peff(x2,.y2),.given.by

.
P x y P x y ik

d
x yeff 2 2 2 2

0
2
2

2
2

2
, , exp .( ) = ( ) − +( )⎡

⎣
⎢

⎤

⎦
⎥ . (2.117)

This. effective. pupil. function. is. called. the. defocused. pupil.
function.. It. is. a. complex. quantity,. given. by. multiplying. the.
.ordinary. pupil. function. by. a. quadratic. phase. variation..
Equation.2.118.is.only.true.for.small.defocus,.as.the.approxi-
mation.in.Equation.2.112.is.otherwise.not.valid..This.is.because.
the.point.spread.function.becomes.broader.with.defocus,.that.
is,. the. intensity. point. spread. function. behaves. as. shown. in.
Figure.2.21.

As.the.system.is.defocused,.the.peak.intensity.decreases,.and.
the. pattern. spreads. out.. By. conservation. of. energy. the. total.

energy. in. the.pattern,. h x y x y,( )∫∫
2
d d ,.must.be.constant..The.

zeros.in.the.pattern.also.disappear.with.defocus..Note.that.the.
amplitude.in.the.point.spread.function.is.complex.for.the.defo-
cused.case.

Next,.we.now.look.at.an.example.when.defocus.is.not.small..
We.consider.the.special.case.when.d1.=.d2.=.f..So,

.

1 1 1 1 1
0 1 2d d d f f

= + − = , . (2.118)

and.M.=.1..To. solve. this. case,.we. return. to.Equation.2.108..As.
it.stands,.the.expression.does.not.simplify.much!.The.reason.is.
that.there.is.the.Fresnel.diffraction.by.the.object,.which.is.then.
truncated.by.the.pupil.(Figure.2.22)..So.it.is.quite.a.complicated.
problem..However,.it.can.be.solved.if.we.consider.the.pupil.to.be.

very.big,.so.there.is.negligible.truncation..Then.Equation.2.108.
becomes

.
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So.far,.this.is.not.much.simpler!.But.we.can.do.the.integrals.in.
x2.and.y2.now..We.have

.
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(2.120)

This.is.just.the.Fourier.transform.of.a.Gaussian.(albeit.of.imagi-
nary.argument)..You.can.get.this.from.tables.of.Fourier.trans-
forms,.or.it.can.be.evaluated.using.the.properties.of.the.Fresnel.
integrals..After.putting.x = x1.+.x3,.y = y1.+.y3,.it.is

.
− − +( )⎡
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2 2πf
ik

ik
f

x yexp . . (2.121)

The.important.features.to.notice.are.that.it.is.independent.of.x2,.
y2,. and. when. you. put. it. back. in. Equation. 2.119,. the. quadratic.
terms.in.x1,.x3,.y1.and.y3,.all.cancel.to.give

.
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d dyy1.
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(2.122)

Compare.this.with.Equation.2.89..Again.we.have.the.2D.Fourier.
transform,.but.now.the.parabolic.phase.factor.of.Equation.2.89.
is.no.longer.present.(Figure.2.23)..This.is.a.very.important.result,.
which. is. the.basis.of.most.Fourier.optics. systems.. It. allows.us.
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FIGURE 2.21 Defocused.image.of.a.point.

Object Pupil

FIGURE 2.22 Truncation.of.the.beam.by.the.pupil.
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to. perform. a. 2D. Fourier. transform. almost. instantaneously.
(Figure 2.24),.in.the.time.for.light.to.travel.a.distance.2f.

Note.that.if.U1.is.a.constant,.assuming.the.pupil.P.is.very.big,.
U3.is.a.delta.function..If.the.pupil.is.finite,.we.get.the.point.spread.
function..If.U1.is.a.circular.function,.a.constant.value.within.a.
circle,. smaller. than. the.pupil.P,. then. the.final. amplitude. is. its.
Hankel.function,.that.is.the.Airy.disk.2J1(v)/v.

We.have.seen.that.if.U1.is.a.delta.function,.then.U3.is.a..constant..
Two.of. these.units.may.be.coupled.together,.as. in.Figure.2.25..
But. the.Fourier. transform.of. the.Fourier. transform.of.U1(x). is.
U1(−x)..So.we.just.form.an.inverted,.unity.magnification.image.
of.U1..This.is.called.a.4f.optical.system.

2.15  Coherent transfer Function

We.have.looked.at.two.imaging.systems,.shown.in.Figures.2.20.
and.2.25..For.the.system.in.Figure.2.20,.Equation.2.89.shows.that.
the. image.amplitude. is.multiplied.by.a.parabolic.phase. factor,.
but.for.the.system.in.Figure.2.25.there.is.no.phase.factor,.and.the.
field.U3.in.the.output.plane.can.be

. U x y U h x y3 3 3 1 3 3, , .( ) = ⊗( )( ) . (2.123)

In.each.case.the.amplitude.point.spread.function.h. is.given.by.
the.2D.Fourier.transform.of.the.pupil.function.

Considering.the.system.in.Figure.2.25,.we.see.that.if.the.pupils.
are.very.big,.then.U3.is.a.perfect.image.of.U1..If.we.think.of.U1.as.
a.grating,. it.produces.various.diffraction.orders,.and.these.are.
combined.by.the.second.lens.to.produce.an.image..However,.the.
pupil.P.cuts.off.some.of.the.diffraction.orders.and.hence.a.perfect.
image.is.not.formed.in.practice..P.can.therefore.be.thought.of.
as.having.the.effect.of.a.coherent.transfer. function,.a. low.pass.
filter..We.resolve.U1.into.gratings,.and.some.of.these.orders.get.
through.the.system..The.strength.of.the.spatial.frequency.com-
ponents. is.multiplied.by.P. to.give. their. strength. in. the. image..
This.is.the.principle.of.the.Abbe.theory.of.image.formation.in.a.
microscope.

Mathematically,. we. introduce. the. Fourier. transform. of. the.
object.amplitude.U1,.given.by.U

~
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Inverting,.we.get
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∫∫ � π d d . (2.125)

But. from.Equation.2.123,. and.neglecting. the.multiplying.con-
stants.we.had.previously
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FIGURE 2.23 Imaging.of.an.object.in.the.front.focal.plane.
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FIGURE 2.24 Fourier.transformation.by.a.lens.
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FIGURE 2.25 A.4f.system.
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Substituting.Equation.2.125.in.Equation.2.136:
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But.we.also.have
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So,.doing.the. integrals. in.x1,.y1. in.Equation.2.127,.and.putting.
x = x1.+.x3/M.and.so.on,
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So.Equation.2.127.can.be.written.as
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So. if. pupil. function. is. as. shown. in. Figure. 2.26a,. the. coherent.
transfer. function. is. as. shown. in. Figure. 2.26b.. For. an. object.
that.is.only.a.function.of.x,.n.=.0.and.the.corresponding.coher-
ent. transfer. function. is. given. by. a. section. through. the. two-.
dimensional.transfer.function.(Figure.2.27)..Note.that.in.general.

there.will.be.both.positive.and.negative.spatial.frequencies..The.
imaging.system.behaves.as.a.low-pass.filter,.that.is,.it.transmits.
spatial. frequencies. less. than.(sin.α)/λ..Note. the.sudden.cutoff,.
corresponding.to.the.edge.of.the.pupil,.as.compared.with.trans-
fer.functions.of.electrical.systems,.which.roll.off.smoothly.

2.15.1  a Grating Object

Consider. as. an. example. an. amplitude. transmittance. that. is. a.
cosinusoidal.variation.on.a.constant.background.(Figure.2.28a):

. U a vx1 1 2= + ( )cos .π . (2.131)

The.period.of.grating.is.Λ.=.1/ν..The.spectrum.of.the.object.is.the.
Fourier.transform.of.U1..As

.
U a e a ei x i x

1
2 21

2 2
= + + −π πv v

we.have.for.the.object.spectrum.(Figure.2.28b)
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So,.in.this.case.the.image.amplitude.is
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For.a.circular.pupil,.c.is.even;.so.c(−v).=.c(+v),.and.we.obtain.for.
the.image.amplitude

.
U x y c ac v vx
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30 2, cos .( ) = ( ) + ( ) ⎛

⎝⎜
⎞
⎠⎟

π

In.this.case,.if.ν.<.a/λ.f1.and.c(v).=.1,.the.image.is.the.same.as.the.
object.but.magnified.by.M.
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FIGURE 2.26 (a). The. pupil. function. and. (b). the. coherent. transfer.
function.
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FIGURE 2.27 The. coherent. transfer. function. for. imaging. of. a. line.
structure.
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The.image.intensity.is.thus

.
I x y c ac v vx

M3 3 3
3

2

0 2, cos .( ) = ( ) + ( ) ⎛
⎝⎜

⎞
⎠⎟

π

For.the.moment,.take.a.as.real,.and.also.c.as.real;.then
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Using.the.identity.cos(2θ).=.cos2.θ.−.1,.we.obtain
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Note.that.a.second.harmonic.term.is.introduced.by.the.squaring.
operation,.but.this.can.be.neglected.if.a.is.small.

Now.let.us.consider.what.happens.if.a.and.c.are.complex,.and.
|a|.is.small..Now.Equation.2.133.becomes

.
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If.we.consider.an.object.whose.thickness l.varies.in.a.cosinusoidal.
fashion

. l x= + ( )l l0 1 2cos πν ,

Then. if. its. refractive. index. is. n,. the. phase. change. on. passing.
through.it.is.nl,.and.so.the.amplitude.on.the.far.side.if.it.is.illu-
minated.with.a.plane.wave.is

.
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The.first.part.of.this.is.just.a.constant.phase.term.and.hence.can.
be. ignored.. We. then. expand. the. second. part. into. its. Fourier.
components..Actually,.this.is.identical.to.frequency.modulation.
(FM).in.communication.theory,.and.the.strengths.of.the.various.
harmonics.are.given.by.Bessel.functions..Let.us.just.look.at.the.
much.simpler.case.when.kl1.≪.1.however..Then

. t ikl x= + ( )1 21 cos .πν . (2.137)

We.can.see.that.this.is.the.same.as.Equation.2.131.with.a.given.
by.an.imaginary.quantity..Thus.a.phase.object.is.represented.by.
imaginary.a..We.see.from.Equation.2.135,.that.if.c(ν).is.real.then.
there.is.no.image,.and.we.just.see.a.constant.intensity..Note.that.
this.is.not.in.general.true.for.a.strong.phase.object.where.terms.
of.strength.a2.cannot.be.ignored.

Previously,.we.introduced.the.concept.of.the.defocused.pupil.
function..From.Equations.2.100.or.2.117.we.have

.
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2

2 . (2.138)

so.that.now.we.introduce.the.defocused.transfer.function.c(m,u),.
as.shown.in.Figure.2.29..For.u.=.0,.that.is.the.focused.case,.c(m).
is.purely.real..As.u.is.increased,.the.imaginary.part.increases.in.
strength..For.u.>.π,. the.real.part.starts. to.go.negative,.which.is.
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(a) (b) mm = ν = 1/Λm = –ν = –1/Λ
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FIGURE 2.28 (a).A.grating.object.and.(b).its.spatial.frequency.content.

0.2 0.4 0.6 0.8 1

–1

1

Re
 {C

TF
}

Im
 {C

TF
}

mλf/a mλf/a

u = π

u = π

2π
4π

2π
4π 0.2 0.4 0.6 0.8 1

–1

1

FIGURE 2.29 Defocused.coherent.transfer.function.
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not.good.for.imaging.of.amplitude.information..The.imaginary.
part. images.phase. information,.but. this.also.starts. to.go.nega-
tive.for.u.>.2π..So.we.only.get.good.imaging.of.phase.informa-
tion.if.u ≤.2π..If.u.is.negative.the.imaginary.part.of.c(m,.u).also.
becomes. positive,. so. contrast. is. reversed.. For. a. phase. object,.
there.is.no.contrast.at.the.focus,.and.positive.or.negative.contrast.
on.either.side.of.focus..Defocusing.of.the.microscope.was.often.
used.to.image.weak.phase.structures,.as.for.example.in.biological.
samples,.before.more.modern.methods.of.phase. imaging.were.
invented.

2.15.2  Square Wave Object

Consider.a.square.wave.object,.with.transmittance.as.shown.in.
Figure.2.30..Then

.
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The. harmonics. are. transmitted. up. to. the. cutoff. frequency..
By.making.1/ν.very.large,.we.can.calculate.the.image.of.a.sin-
gle. edge.. Interestingly,. although. the.number.of. terms. then. is.
very.large.we.still.get.an.overshoot.as.in.the.image.of.a.square.
wave.object..The. image.of.an.edge.can.be.expressed. in. terms.
of. Fresnel. integrals.. The. fact. that. the. wiggles. do. not. disap-
pear.for.a.large.number.of.terms.is.a.consequence.of.the.Gibbs.
phenomenon.

2.16  Spatial Filtering

The.principle.of.spatial.filtering.is.to.alter.the.strength.in.the.
image.of. the.Fourier.components.of. the.object.by.putting. in.
an. appropriate. mask:. For. example,. suppose. we. change. the.
phase. everywhere. except. at. m.=.0. by. π/2.. Then. the. transfer.
function is

.
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Then.from.Equation.2.143
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So.again.we.have.managed.to.image.the.phase.information..This.
method. is. called. Zernike. phase. contrast,. for. the. invention. of.
which.Zernike.received.the.Nobel.Prize..In.practice,.it.is.easier.
to.change. the.phase. just.of. the.direct.beam.m.=.0,. rather. than.
vice.versa,.but. the.result. is.exactly.the.same..Note.that.chang-
ing.the.phase.by.−π/2.rather.than.by.+π/2.reverses.the.contrast..
Also,.if.we.make.the.filter
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we.then.have
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If.b.>.1,.we.also.enhance.the.contrast.by.a.factor.b,.making.very.
weak.phase.objects.visible.

2.17  Incoherent Imaging

Most.of.what.we.have.said.so.far.is.applicable.to.coherent.opti-
cal.systems..This.requires.that.the.point.spread.function.of.the.
imaging. system. is. small. in. extent. compared. with. the. lateral.
spatial. coherence. of. the. illumination.. The. opposite. condition,.
where. the. point. spread. function. is. large. compared. with. the.
spatial. coherence,. results. in. incoherent. imaging.. Incoherent.
imaging.is.in.everyday.life.a.much.more.common.phenomenon..
For.example.photography,.or. just. seeing,. is.normally.an. inco-
herent. process.. Fluorescence. also. results. in. incoherent. image.
formation.. The. in-between. case,. where. the. point. spread. func-
tion. is. about. the. size.of. the. spatial. coherence.of. the. illumina-
tion,.is.partially coherent..This.case.is.much.more.complicated,.
and.arises.for.example.in.the.theory.of.microscope.imaging..In.
incoherent. imaging,. because. there. is. no. coherent. interference.
between.neighboring.points,.we.have.to.sum.the.intensities.for.
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FIGURE 2.30 Images.of.a.two-point.object:.(a).incoherent.imaging.and.(b).coherent.imaging.
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these.points,.rather.than.the.complex.amplitudes..We.return.to.
the.geometry.of.Section.2.14.

Each. point. in. the. object. results. in. a. diffraction. blur. in. the.
image..To.obtain.the.total.image.we.add.the.contributions.from.
the.intensities.of.the.individual.points.

For.coherent.imaging,.we.had.in.Equation.2.108

.
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but.now.for.incoherent.imaging,.we.have
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. (2.144)

That.is.we.must.convolve.the.object.intensity.|t|2.with.the.inten-
sity.point.spread.function.|h|2..Note.that.the.term.point.spread.
function.can.refer.to.either.the.amplitude.or.the.intensity.point.
spread.function.in.the.literature.

We.can.derive.Equation.2.144.properly.by.considering.a.single.
point.in.the.object.U1.at.(x,y)..Its.image.from.Equation.2.111.is

.
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So.the.intensity.in.the.image.of.a.single.point.is.simply

.
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Finally,.adding.up.for.the.points.of.the.object
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which.represents.Equation.2.144.

2.17.1  two-Point Object

One.of.the.most.important.theoretical.objects.is.two.bright.points.
in.a.dark.background.(e.g.,.two.pinholes.in.an.opaque.screen,.or.
two.stars)..The. image. is. then,. for.different.normalized.separa-
tions. 2v0,. as. shown. in. Figure. 2.31a.. For. v0.=.2.5. the. points. are.
well.resolved..For.v0.=.1.5.they.are.not:.they.just.almost.look.like.
one.point..It.is.traditional.to.say.that.the.points.are.just.resolved.
when.the.maximum.of.one.point.spread.function.is.placed.over.
the.zero.of. the.other..This. is.called.the.Rayleigh.criterion,.and.
occurs.when.v0.=.1.92..It.is.found.that.for.a.circular.pupil.aper-
ture,.the.intensity.in.the.middle.is.then.0.735.times.the.intensity.
at.the.points.themselves..Note.that.the.Rayleigh.criterion.applies.
for. incoherent. imaging.. In.general,. though,.we.may. introduce.
the. generalized Rayleigh criterion,. which. states. that. the. points.
are.just.resolved.if.the.intensity.at.the.center.is.0.735.times.that.
at.the.points..The.intensity.at.the.points.need.not.be.the.same.as.
the.intensity.at.the.maximum:.some.published.papers.have.got.
this.wrong!.By.putting.in.the.values.for.the.Bessel.function.we.
obtain,.for.the.incoherent.case

.
Δx( ) =min .

sin
.0 61 λ

α
. (2.147)

This.is.often.written.as.1.22f λ/D.in.terms.of.the.diameter.D.of.
the.pupil,.rather.than.the.radius..A.typical.value.for.a.high.power.
microscope.is.about.0.5.μm..For.the.coherent.case,.similar.plots.
are.shown.in.Figure.2.31b..We.find

.
Δx( ) =min .

sin
,0 82 λ

α
. (2.148)

that.is,.the.resolution.is.not.as.good.

2.17.2  Optical transfer Function

Equation.2.146.is. linear.in.intensity..This.means.we.can.intro-
duce.a.transfer.function,.usually.called.the.optical.transfer.func-
tion.(OTF)..Note.that.this.operates.on.intensities,.rather.than.the.
amplitudes.for.the.coherent.transfer.function.described.earlier..
So.they.are.not.strictly.comparable.
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FIGURE 2.31 Defocused.optical.transfer.function.for.a.circular.pupil.
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We. introduce. the. object. intensity. spectrum,. given. by. the.
Fourier. transform. of. its. intensity,. which. is. in. contrast. with.
Equation.2.124,

.
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Then.we.can.show.by.exactly.the.same.method.as.in.Section.2.16.
that
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where.the.OTF,.C(m,n),.is.given.by.the.Fourier.transform.of.the.
intensity.point.spread.function.|h|2..As.for.the.coherent.case.we.
had.P(mλf,.nλf ).=.F(h),.where.F(.).represents.the.Fourier.trans-
form,.now.we.have

.
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This. 2D. convolution. represents. the. area. of. overlap. of. the. two.
pupils..We.can.show.that.the.area.of.overlap.for.two.circles.is
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which.is.shown.in.Figure.2.30..The.cutoff.frequency.is.twice.that.
for.a.coherent.system.

If.the.system.is.defocused,.we.must.integrate.over.the.area.of.
overlap.taking.into.account.the.phase.of.the.pupil..This.cannot.
be.done.analytically,.but.can.be.expressed.in.terms.of.a.single.
integral.(Hopkins.1955)..The.result.is.also.shown.in.Figure.2.31..
The.response.drops.off.with.defocus,.that. is,. imaging.of.these.
particular.spatial.frequency.components.is.worse..It.is.the.mid-
spatial. frequencies. that. are. most. strongly. affected,. resulting.
in. poorer. imaging.. Note. that. the. OTF. must. always. be. purely.
real..An.important.feature.is.that.the.OTF.can.go.negative.with.
defocus.. This. means. that. some. spatial. frequency. components.
have. their. contrast. reversed.. This. results. in. optical. artifacts,.
which.means. that.you.can.see.something. that. is.not. really. in.
the.object.

references

Abramowitz,.M..and.Stegun,.I..A..1965..Handbook of Mathematical 
Functions..New.York:.Dover.

Born,.M..and.Wolf,.E..1975..Principles of Optics..Oxford:.Pergamon.
Press.

Goodman,.J..W..1968..Introduction to Fourier Optics..New.York:.
McGraw-Hill.

Hecht,.E..1987..Optics..Reading,.MA:.Addison-Wesley.
Hopkins,.H..H..1955..The.frequency.response.of.a.defocused.opti-

cal.system..Proc. R. Soc. Lond. Ser. A.231:.91–103.





33

3.1 Introduction

Optics. is. both. a. very. old. and. a. very. contemporary. field. of.
research..Mirrors.made.millennia.ago.as.well. as. the.advanced.
imaging. methods. that. decorate. recent. years’. lists. of. scientific.
breakthroughs. (Betzig.et.al..2006,.Bates.et.al..2007,.Hell.2007,.
Abbott. 2009). can. all. be. understood. with. the. same. physical.
framework.. We.will. explore. the.basic. physics.of.optics. in. this.
chapter,.intended.to.serve.as.a.review.of.elementary.principles,.
or.as.an.introduction.for.readers.new.to.optics..Our.treatment.is.
necessarily.brief.and.minimal—the.reader.interested.in.further.
elaboration.should.consult.a.textbook.devoted.to.optics,.such.as.
Hecht.(2002).or.Born.and.Wolf.(1997).

3.2  Electromagnetic Waves 
and Wave Motion

3.2.1 Light Is an Electromagnetic Wave

Insightful. experiments. by. Hans. Christian. Ørsted,. Michael.
Faraday,. and.others. in. the.first.half.of. the.nineteenth.century.
revealed.the.principle.of.electromagnetic.induction:.a.changing.
magnetic. field. gives. rise. to. an. electric. field,. and,. conversely,. a.
changing.electric.field.creates.a.magnetic.field..Later,.James.Clerk.
Maxwell.synthesized.these.and.other.observations.into.a.set.of.
succinct.mathematical.expressions,.known.as.Maxwell’s. equa-
tions,.which.encapsulate.the.core.of.classical.electromagnetism..

It.follows.simply.from.these.that.electric.(E ⃗).and.magnetic.(B⃗).
fields.in.vacuum.can.be.connected.by.the.relations
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where
ε0.is.the.permittivity.of.free.space.(a.constant)
μ0.is.the.permeability.of.free.space.(another.constant)
t.is.the.time

Both.of.these.expressions.have.form.of.a.wave.equation
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which.admits.solutions.of.the.form.ψ(r ,⃗.t).=.f(r ⃗ − v ⃗t),.i.e.,.waves.
traveling.through.space.(r ⃗).and.time.(t).with.velocity.v ⃗..Maxwell.
therefore.realized.that.electric.and.magnetic.fields.can.propagate.
as.traveling.waves,.with.a.speed.that.is.a.simple.function.of.electro-
static.and.magnetostatic.constants:.c.=.(ε0μ0)−1/2..Inserting.values.
for.ε0.and.μ0.yields.c.=.3.0.×.108.m/s,.in.striking.correspondence.
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to.the.speed.of.light,.which.had.been.measured.with.few-percent.
accuracy. by. the. mid-nineteenth. century.. Especially. following.
the.experiments.of.Heinrich.Rudolph.Hertz,. in.which.electro-
magnetic. waves. were. generated. and. detected,. it. became. clear.
that.light.is.an.electromagnetic.wave.and.that.visible.light.is.but.
one.part.of.a.broader.electromagnetic.spectrum.

3.2.2 Waves—Notation

As.discussed.above,.electric.and.magnetic.fields. in.space.obey.
wave.equations..To.define.the.terms.and.symbols.related.to.wave.
motion,. we. will. first. consider. a. one-dimensional. wave. equa-
tion,. the. simplest. solution. to. which. is. a. sinusoidal. traveling.
wave.of.amplitude A,.wavenumber k,.and.angular frequency.ω:.

ψ ω δ ω δ( , ) cos( ) Re expx t A kx t A j kx t= − − = − −( )⎡⎣ ⎤⎦{ } ,. where.

j = −1. and. δ. is. a. phase. offset.. (We. generally. will. not. bother.
explicitly.writing.that.the.real.part.of.the.complex.exponential.
is. to. be. considered.). The. wavelength. is. given. by. λ.=.2π/k,. and.
the.frequency.by.f.=.ω/2π;.if.we.consider.a.particular.position.in.
space,.ψ.oscillates.with.period T = f −1..The.wave.speed.is.related.
to.the.other.variables.by.v.=.ωk−1.=.λ f,.as.the.reader.may.wish.to.
illustrate.by.drawing.the.wave.for.various.values.of.t..The.argu-
ment.of.the.oscillatory.function.is.often.referred.to.as.the.phase:.
ϕ(x,. t).=.kx.−.ωt.−.δ.. Considering. a. particular. moment. in. time,.
the.phase.advances.by.2π.over.a.distance.is.given.by.λ;.over.an.
arbitrary.distance.Δx,.the.phase.shift.is.Δϕ.=.2πΔxλ−1.

For. the. one-dimensional. traveling. wave. noted. above,. each.
point.in.space.corresponds.to.a.particular.phase..In.two-.or.three-
dimensions,.more.complex.structures.arise.. It. is.useful. to.con-
sider.points.of.equal.phase,.which.we.will.refer.to.as.wavefronts.

Plane waves.. A. simple. and. very. useful. construction. is. the.
plane wave.. Let. us. illustrate. this. for. a. two-dimensional. wave.
(Figure.3.1),.in.which.we.can.plot.the.value.of.ψ.along.the.third.
dimension.

Note.that.ψ.only.varies.along.one.spatial.dimension.(in.this.
case,.x)..Contours.of.equal.phase.(i.e.,.wavefronts).are.lines.in.the.
xy.plane..As.the.wave.travels,.for.the.example.shown.in.Figure.
3.1,.it.moves.in.the.x-̂direction—i.e.,.parallel.to.a.wavevector,.k,⃗.

that.is.perpendicular.to.these.lines.of.constant.phase.and.paral-
lel. to.x.̂.We.can.write.ψ(x,.y).=.A.exp[j(kx.−.ω.−.δ)],.or.ψ(r ⃗).=.A.
exp[j(k ⃗ · r ⃗.−.ωt.−.δ)],. where. r ⃗. is. a. vector. in. the. xy. plane—note.
that.the.dot.product.selects.the.x-component.of.r .⃗

For. a. three-dimensional. plane. wave,. positions. of. constant.
phase. (i.e.,. wavefronts). form. a. set. of. parallel. planes.. This. is. a.
good. description. of. many. sorts. of. light. beams.. Furthermore,.
any.three-dimensional.wave.can.be.expressed.as.a.combination.
of.plane.waves.by.Fourier.analysis..The.three-dimensional.plane.
wave.is.described.by.ψ(r ⃗).=.A.exp[j(k ⃗ · r ⃗.−.ωt.−.δ)],.where.r ⃗.is.any.
vector.in.three-dimensional.space..We.will.show.this.explicitly:.
consider. a. position. vector. r ⃗ = xx ̂ + yy ̂ + zz ̂,. where. ∧. indicates. a.
unit.vector,.and.some.particular.vector.r 0⃗..Their.difference:

.
� �r r x x y y z zx y z− = − − −+ +0 0 0 0( ( () ˆ ) ˆ� ) ˆ�. .

Consider. the. set.of.points. {r ⃗}.described.by. (r ⃗ − r 0⃗).·.k ⃗.=.0..As.r ⃗.
varies,. this. sweeps. out. a. plane. perpendicular. to. k.⃗. Expanding.

this:.
� � �
r r k k x x k y y k z zx y z−( )⋅ = −( ) + −( ) + −( ) =0 0 0 0 0,. or. kxx + 

kyy + kzz = a,.where.a = kxx0.+.kyy0.+.kzz0. is. a. constant..Therefore,.
the. equation. of. a. plane. perpendicular. to. k ⃗. is. k ⃗ · r ⃗.=.con-
stant.=.a.. The. set. of. planes. over. which. ψ(r ⃗). (at. t.=.0). varies.
sinusoidally. is. ψ(r ⃗).=.A. cos(k ⃗ · r ⃗). or. ψ(r ⃗).=.A. exp. (j k ⃗ · r ⃗).. This.
function. is. periodic. if. k ⃗ · r ⃗. changes. by. 2π,. i.e.,. |k |⃗λ.=.2π,. or.
k.=.|k |⃗.=.2π/λ,.as.expected..The.traveling.plane.wave.is.described.
by.ψ(r ⃗).=.A.exp[j.(k ⃗ · r ⃗.−.ωt.−.δ)]..To.reiterate,.the.wavefronts.of.a.
three-dimensional.plane.wave.are.planes..Typically,.we.will.only.
draw.wavefronts.that.are.separated.in.phase.by.Δϕ.=.2π,.which.
are.therefore.spatially.separated.by.distance.λ..The.wavevector.
k ⃗.points.perpendicular.to.these.planes..Often,.one.describes.the.
wave.by.a.ray.that.points.along.k.⃗

Spherical waves.. A. point-source. of. light. emits. spherical 
waves—the. wavefronts. are. concentric. spheres. that. travel. away.
from.the.point..The.wave.function.is

.
ψ ω δ( , ) exp ,

�
r t A

r
j kr t= − −( )⎡⎣ ⎤⎦

.

where
A.is.a.constant
r.is.the.distance.from.the.source

The.amplitude.decreases.with.r,.for.reasons.that.will.become.
clear.shortly.

Cylindrical waves..A. line-source.of. light,. for.example,.a. slit,.
emits.cylindrical waves—the.wavefronts.are.concentric.cylinders.
that.travel.away.from.the.line..The.wave.function.is

.
ψ ω δ( , ) exp ,

�
r t A

r
j kr t= − −( )⎡⎣ ⎤⎦

. .

where
A.is.a.constant
r.is.the.distance.from.the.line

Again,.the.amplitude.decreases.with.r.
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FIGURE 3.1 A. two-dimensional. plane. wave:. ψ(x,.y).=.cos(kx.−.ωt),.
plotted.at.time.t.=.0.
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3.2.3 Superposition

The. wave. equation. is. linear. in. ψ;. therefore,. its. solutions. obey.
the.principle.of.superposition:.If.ψ1.and.ψ2.each.satisfy.the.wave.
equation,. then.ψ.=.ψ1.+.ψ2. is.also.a. solution..The.relative.phase.
difference.between.ψ1.and.ψ2.is.important.in.determining.their.
interference:

Figure.3.2. shows.an. illustration.of. the. superposition.of. two.
sine.waves.. I.have.plotted.ψ1.=.1.0.cos(kx),.ψ2.=.0.95.cos(kx.−.δ),.
and. ψ.=.ψ1.+.ψ2. for. various. values. of. δ.. (I. have. chosen. slightly.
different. amplitudes. for. these. two. waves. to. make. the. illustra-
tions.clearer.)

Note.that.a.phase.difference.δ.=.0.leads.to.constructive interfer-
ence,.and.a.phase.difference.δ.=.π.leads.to.destructive interference.

3.2.4  Further Properties of 
Electromagnetic Waves

3.2.4.1 Electromagnetic Waves in Matter

We.noted.above.that.electric.and.magnetic.fields.can.propagate.
in. free. space.as.waves,.with. speed.c.=.3.0.×.108.m/s.. In.a. trans-
parent.material.of.index.of.refraction.n.(related.to.the.polariz-
ability.of.the.material),.fields.also.propagate.as.waves,.but.more.
slowly,.with.speed.v = c/n..For.air.at.20°C.and.atmospheric.pres-
sure,. n.=.1.0003.. For. water. at. 20°C,. n.=.1.33.. For. typical. glass,.
n.=.1.46..The.frequency.of.the.wave.is.unchanged.from.its.value.
in.vacuum—the.rate.of.oscillation.of. the.atoms.excited.by. the.
electric.field.is.constant..The.wavelength.of.the.light.is.different.
from.its.value.in.vacuum.and.obeys.the.general.relation.encoun-
tered.earlier:.v.=.λf..Therefore,.waves.in.matter.are.shorter.than.
in. free. space:. λ.=.v/f = c/nf.. The. wavelength. in. matter. λ.=.λ0/n,.
where. λ0. is. the. free. space. wavelength,. and. so. the. phase. shift.
corresponding. to. a. change. in. position. Δx. along. the. wave. is.
Δϕ.=.2π(Δx/λ).=.2πn(Δx/λ0).

Generally,. when. one. states. a. wavelength. for. light,. it. is. the.
free space wavelength,.λ0,.that.is.being.referred.to—we.say.that.
orange. light. has. a. wavelength. of. ≈600.nm,. even. though. when.
it.enters.your.eye.(n.=.1.3),.its.wavelength.shortens.to.≈450.nm.

3.2.4.2 Polarization

Another. consequence. of. electrodynamics. is. that. the. electric.
and.magnetic.field.vectors.at.any.point.are.perpendicular.to.one.
another.and.to.the.wave’s.propagation.direction.(Figure.3.3)..The.

magnitudes.of.the.field.amplitudes.are.related.by.
� �
E v B= ,.where.

v. is.the.speed..The.direction.of.
�
E .specifies.the.polarization.of.

the.wave.. If. this.direction. is.constant,.as. in.Figure.3.4,.we.say.
that.the.wave.is.linearly polarized.(or.plane polarized)..In.Figure.
3.4,.for.example,.note.that.

�
E.is.always.parallel.to.the.x-axis.(in.

other.words,.
�
E E z t z= ( , )ˆ )..Waves.do.not.have.to.be.plane.polar-

ized.and.can.do.a.variety.of.interesting.things..If.the.direction.of.
�
E.rotates.as.the.wave.propagates,.then.we.have.circular.or.ellipti-
cal.polarization..(We.will.not.go.into.the.difference.between.the.
two—the.reader.can.explore.this.as.well.as.other.constructions,.
such.as.radial.polarization.)

3.2.4.3 Energy and Momentum

Electromagnetic.waves.carry.energy.and.momentum..The.power.
per.unit.area.crossing.a.surface. is.

� � �
S c E B= ×2

0ε . ,.known.as. the.
Poynting.vector..Note.that.it.points.along.the.propagation.direc-

tion.(i.e.,.parallel.to.
�
k ),.not.surprisingly..Because.

� � �
E v B S= , . is.

proportional.to.
�
E

2
.

E

B

FIGURE 3.3 Electric.(dark.gray).and.magnetic.(light.gray).fields.of.
a.plane-polarized.electromagnetic.wave..The.black.arrow.indicates.the.
propagation.direction,.perpendicular.to.

�
E .and.

�
B ..

λ

Lc Lc

FIGURE 3.4 The. coherence. length,. LC,. describes. the. spatial. extent.
over. which. wavefronts. (planes. that. differ. by. a. phase. shift. of. 2π). are.
separated.by.integer.multiples.of.the.wavelength..Over.distances.larger.
than.≈.LC,.the.coherence.of.the.wave.with.itself—the.ability.to.translate.
by.an.integer.number.of.wavelengths.and.“match.up”—is.lost.

2
δ = 0 δ = π/2 δ = 3π/4 δ = πδ = π/4
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Kx

6 8 0 2 4 6 8 0 2 4 6 8

–1
–2

FIGURE 3.2 The.sum.ψ.=.ψ1.+.ψ2.(black).of.the.waves.ψ1.=.1.0.cos(kx).(light.gray).and.ψ2.=.0.95.cos(kx.−.δ).(medium.gray),.plotted.for.various.
values.of.δ.
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The.intensity.(or.irradiance),.I,.of.the.wave.is.the.average.energy.
carried.per.unit.area.per.unit.time,.i.e.,.the.power.per.unit.area..
It.is.the.intensity,.not.the.electric.field.directly,.that.we.“see”.as.
brightness..“Average”.means.that.we.consider.the.average.power.
over.a.period..(Note.that.the.intensity.is.a.number,.not.a.vector.).
Since.

�
S . is. proportional. to.

�
E

2
,. the. intensity. of. an. electromag-

netic.wave.is.proportional.to.
�
E

2
.as.well..This.is.in.general.true.

for.vibrations.and.waves:.the.energy.of.a.wave.is.proportional.to.
the.square.of.its.amplitude,.and.therefore

.
I E E E∝ ⋅=

� � �2
*.

The. principle. of. conservation. of. energy. and. the. proportional-
ity. of.

�
S. and. I. is. on.

�
E

2
. explain. the. decaying. amplitude. of. the.

spherical.and.cylindrical.waves.discussed.in.Section.3.2.2..For.a.
spherical.wave,.integrating.the.power.carried.by.the.wave.over.a.
shell.of.radius.r.surrounding.the.source.must.give.a.result.that.is.
independent.of.r—all.the.power.must.cross.the.shell,.regardless.
of.the.size.of.the.shell..The.shell.area.scales.as.r2.and.so.

�
S .must.

scale.as.r −2.for.the.product.to.be.independent.of.r,.from.which.

we.conclude.that.the.amplitude.scales.as. r r− −=2 1.for.a.three-
dimensional.spherical.wave.

We. often. can. ignore. the. constant. of. proportionality,. being.
concerned.with.relative.intensities..However,.for.completeness:.
I cE= ( )1 2 0 0

2/ ε . in.vacuum,.where.E0. is. the.electric.field.ampli-
tude..In.matter,. I vE= ( )1 2 0 0

2/ ε ,.where.v.is.the.speed.of.the.wave.
and.ε. is.the.permittivity.of.the.medium..The.ability.of. light.to.
carry.energy.and.momentum.has.become.especially.important.
in.recent.years.with. the.development.of.optical. trapping. tech-
niques,.in.which.light.itself.is.used.to.grab,.pull,.push,.and.twist.
microscopic.objects.

Though. it. travels.as.a.wave,. light.carries.energy. in.discrete,.
quantized. packets.. This. realization,. primarily. by. Max. Planck.
and. Albert. Einstein. in. the. early. twentieth. century,. marked.
the. birth. of. quantum. mechanics.. The. energy. of. a. photon,. the.
quantized. “unit”. of. light,. is. proportional. to. its. frequency. and.
hence.inversely.proportional.to.its.wavelength..More.precisely,.
the.photon.energy.E = hf = hc/λ,.where.h.=.6.626.×.10−34.m2.kg/s.
is. Planck’s. constant.. Photons. of. lower. wavelength. have. more.
energy.. This. explains,. for. example,. why. the. emission. of. light.
from. fluorescent. molecules. necessarily. occurs. at. higher. wave-
lengths. than.does.absorption:.a.photon. is.absorbed,.and.some.
energy.is.converted.into.nonradiative.(e.g.,.vibrational).modes,.
leaving.a.smaller.quantum.of.energy.for.emission.

3.2.5 the Electromagnetic Spectrum

The. range. of. wavelengths. of. electromagnetic. waves. that. are.
relevant. to. science.and. technology. is.enormous,. ranging. from.
very. high-energy. gamma. rays. spouting. from. astrophysical.
sources.(λ.≈.10−13.m).to.x-rays.used.to.probe.molecular.structure.
(λ.≈.10−10.m).to.microwaves.(λ.≈.10−2.m).to.radio.waves.(λ.>.1.m)..
“Visible. light”.spans.the.tiny.range.of.wavelengths.from.about.

400.(violet/blue).to.800.nm.(red),.yet.its.correspondence.to.the.
energetics.of.electronic. transitions. in.molecules.and,.relatedly,.
our. ability. to. see. it,.makes. it. an. immensely. useful.part. of. the.
electromagnetic.spectrum.

3.2.6 Coherence

We.have.been.considering.waves.as.ideal.sinusoidal.forms.that.
oscillate. at. a. unique. frequency. and. extend. infinitely. through.
space.. For. such. a. perfectly. coherent. wave,. the. wavefronts. are.
always.separated.by.distance.λ,.and.knowing.the.phase.at.one.
point.specifies.it.at.all.points..For.real.waves,.this.is.not.exactly.
the. case.. The. wavefronts. of. light. from. a. real,. imperfect. wave,.
are. separated.by.λ. if.we.consider. some.finite. span.of.approxi-
mate.size.LC,.but.if.we.look.at.larger.lengths,.the.phase.relations.
appear.“randomized”—see.Figure.3.4.

This.lack.of.perfect.coherence.arises.from.the.emission.of.any.
real.source.not.being.perfectly.monochromatic,.but.rather.con-
sisting.of.a.range.of.output.frequencies,.Δf..(This.is.due.to.fac-
tors.such.as.the.finite.linewidth.of.electronic.transitions.and.the.
thermal.velocities.of.atoms.and.molecules.).Roughly,.LC.=.c/n.Δf..
Furthermore,.the.light.from.extended.sources.such.as.an.incan-
descent. light.bulb.or. the. sun. is. emitted.by.many. independent.
sources.throughout.the.object,.and.each.emitted.wave.has.a.ran-
dom.phase.relative.to.any.other..Such.sources.are.referred.to.as.
incoherent.light.sources..The.length.LC.referred.to.above.is.called.
the.coherence length—it.is.about.10.μm.(around.20.λ).for.a.light.
bulb..(There.is.a.more.precise.way.to.define.the.coherence.length.
that.we.will.not.go.into.here.)

A.laser.is.a.coherent.light.source—all.the.waves.emitted.by.the.
device.have.the.same.phase..Moreover,.LC.is.typically.around.1.m.
(>106.λ).and.can.even.be.kilometers.in.length—a.good.approxi-
mation.to.our. ideal. infinite.wave..This.remarkable.property.of.
lasers.contributes.to.their.tremendous.utility,.as.will.be.evident.
later.in.this.book.

3.3 Diffraction

For.centuries,.debate.raged.over.whether.light.is.a.wave.or.a.par-
ticle—an.interesting.history.that.we.will.not.go. into..Whether.
or. not. it. is. important. to. consider. the. wave-nature. of. light. in.
describing.its.propagation,.rather.than.simply.imagining.rays.of.
light.that.travel.in.simple.geometric.paths,.depends.on.the.spa-
tial.scale.of.the.phenomena.being.considered..For.features.that.
are.not.large.compared.to.the.wavelength.(λ),.for.example,.vis-
ible.light.passing.through.micron-sized.slits.or.kilometer-sized.
radio.waves.detected.by.an.array.of.dishes,. the.wave.nature.of.
light. is. inescapable.. Light’s. interference. with. itself. determines.
its. intensity. profile,. and. diffraction—this. interference. being.
induced. by. barriers. or. obstacles—is. paramount.. This. regime.
in.which.the.wave.nature.of.light.is.important.is.called.physical 
optics..The.regime.in.which.the.system.size.is.much.greater.than.
the.wavelength.of.light,.and.hence.wave.properties.are.relatively.
unimportant,.is.called.geometric optics.or.ray optics.
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Diffraction.is.a.general.property.of.waves,.and.the.phenomena.
we.will.explore.in.this.section.also.apply.to.water.waves,.sound.
waves,.etc.

3.3.1 two-Slit Interference

Consider.a.plane.wave.incident.on.a.barrier.with.two.slits,.sepa-
rated.by.a.distance.D.(Figure.3.5)..(Imagine.the.slits.themselves.
to.have.negligible.width—we.will.return.to.this. later.).Each.slit.
acts.as.a.point-source.for.waves,.which.continue.propagating.to.
the.right. in. the.figure..Far. to. the.right. is.a. screen..We.want. to.
know.the.intensity,.I,.of.the.light.hitting.the.screen.as.a.function.
of.θ,.the.angle.relative.to.a.line.perpendicular.to.the.barrier.(see.
Figure.3.5).

The.electric.field.of.the.incident.wave.is

.

� �
E E j kx t= −( )⎡⎣ ⎤⎦0 exp ,ω

.

with.k.=.2π/λ,.as.usual.(see.Section.3.2)..We.could.add.any.phase.
offset.to.this—it.does.not.matter,.as.we.will.see.shortly..We.are.
concerned.with. the. light.hitting.a. far-off. screen,. at. angle.θ.. If.
the.screen.were.close.by,.a.ray.would.have.to.leave.slit.#1.at.some.
angle.θ1.and.slit.#2.at.some.angle.θ2,.where.θ1.and.θ2.may.be.dif-
ferent,.to.both.reach.the.screen.at.angle.θ..However,.as.the.screen.
moves.farther.and.farther.away,.both.θ1.and.θ2.approach.θ—try.
drawing.this.if.it's.not.evident..So,.to.consider.I(θ),.we.need.to.
consider.rays.leaving.each.slit.at.angle.θ..Let.us.define.our.coor-
dinates.so.that.the.barrier.is.at.x.=.0.

The.two.rays.that.travel.at.angle.θ.are.indicated.in.Figure.3.6;.
their.fields.are

.

� �

� �
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E E
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j k s t

1 0

2 0

=

=
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⎣

⎤
⎦

exp ,

exp ,

ω

δ ω
.

where. we. have. defined. s. as. the. coordinate. in. the. “tilted”.
θ-direction,.and.we.have.indicated.the.extra.distance.that.ray.2.
has.to.travel.by.δ..Note.that.E1⃗(s.=.0).and.E2⃗(s.=.−δ).have.the.same.
phase,.as.they.should,.since.they.come.from.the.same.incident.
wave.

Graphically,.we.can.see. that. if.δ. is.an. integer.multiple.of.λ,.
the.two.waves.will.add.constructively.(Figure.3.7)..If.δ.is.a.half-
integer.multiple.of.λ,.the.two.waves.will.add.destructively.and.
give.zero.light.intensity.

Let.us.examine.this.mathematically..The.superposition.of.the.
two.electric.fields:

.

� � ��
E E EE j ks t jk= =+ −( )⎡⎣ ⎤⎦ + ⎡⎣ ⎤⎦{ }1 2 0 1exp exp .ω δ

.

D

δ

δ

θ
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θ

θ

(b)(a)

D

S

FIGURE 3.6 The.geometry.of.light.propagation.for.two-slit.interfer-
ence..(a).For.the.angle.θ.illustrated,.light.traveling.from.the.lower.slit.
(slit.#2).travels.a.greater.distance.than.light.from.slit.#1..The.extra.path.
length.is.denoted.δ.and.is.the.reason.for.a.phase.difference.between.the.
two.waves..(b).A.“zoomed.in”.view.of.the.geometry.relating.D,.δ,.and.θ.

Barrier
k

D
θ

Screen
(far)

FIGURE 3.5 Two-slit.interference:.A.plane.wave.is.incident.from.the.
left.on.two.slits.of.negligible.width.separated.by.distance.D..Each.slit.
acts.like.a.point.source.for.waves.continuing.to.the.right;.the.two.result-
ing. waves. interfere. with. one. another.. This. interference. is. manifested.
in.the.pattern.of.light.intensity.observed.on.a.distant.screen,.and.is.a.
function.of.the.wavelength,.D,.and.the.angle.θ.

D

(a) (b)

D

θ

θ θδδ

θ

FIGURE 3.7 (a).If.the.extra.path.length,.δ,.between.the.two.paths.is.
an.integer.multiple.of.the.wavelength,.the.two.waves.will.constructively.
interfere,. leading. to.high. intensity.at. the.screen.. (b). If. the.extra.path.
length.δ.between.the.two.paths.is.a.half-integer.multiple.of.the.wave-
length,.the.two.waves.will.destructively.interfere,.leading.to.zero.inten-
sity.at.the.screen—note.that.when.wave.#1.is.“up,”.wave.#2.is.“down”.
and.vice.versa.
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From.geometry,.δ.=.D.sin.θ.(Figure.3.6b),.so

.
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The. intensity. (see. Section. 3.2.4.3). is. given. by. I E E E∝ ⋅=
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*..
Therefore,
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making.use.of.the.Euler.relation.cos(x).=.(1/2)(exp(jx).+.exp(−jx))..
Via.the.identity.2[1.+.cos(2x)].=.cos2(x),.the.intensity.becomes

.
I E D

∝
⎛

⎝
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⎞
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⎟4 0

2
2
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cos sin

π
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λ

Note. that. without. interference—just. considering. the. incident.
plane. wave,. for. example,. I E∝

�
0

2
,. with. the. same. constant. of.

proportionality. (c’s. etc.)—we. will. define. this. intensity. as. I0..
Therefore,

.
I I D

=
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⎠
⎟4 0
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π
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λ

As. we. saw. graphically,. if. D sin. θ.=.mλ,. where. m. is. an. integer,.
the. cos2. factor. is. maximal,. and. we. have. constructive. inter-
ference.. If. D sin. θ.=.(m/2)λ,. where. m. is. an. odd. integer. (i.e.,.
m/2.=.1/2,.3/2,.5/2,…),.the.cos2.factor.is.zero,.and.we.have.destruc-
tive. interference.. The. intensity. pattern,. we. see. on. the. screen,.
therefore,. is.not uniform.but. rather.has.a. sequence.of.maxima.
and.minima..This.is.plotted.in.Figure.3.8.

Note.that.the.maximal.value.of.the.intensity.is.four.times.that.
of.a.single.wave..If. interference.“did.not.exist,”.we.would.have.
light.from.the.two.slits.combining.to.simply.give.twice.the.sin-
gle-wave.intensity..With.interference,.we.have.bright.peaks.with.
four.times.the.intensity.and.dark.minima.with.zero.intensity.

3.3.2 N-Slit Interference

Now. consider. N. slits,. each. separated. by. distance. D. (drawn. in.
Figure.3.9a.for.N.=.5).

Building.on.our.N.=.2.analysis.above,.we.can.write.the.total.
electric.field.as

.
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FIGURE 3.8 The.two-slit.intensity.function:.I.=.4I0.cos2.(πD.sin.θ λ−1).
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FIGURE 3.9 N-slit.interference..(a).Geometry..Each.slit.is.of.negligible.width.and.is.separated.from.its.neighbor.by.distance.D..In.the.example.

drawn,.N.=.5..(b).The.N-slit.intensity.function,.I I
N D
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,.plotted.for.N.=.5..Note.that.there.are.infinitely.many.large.maxima.located.

at.angles.for.which.sin.(θ).=.mλ/D,.where.m.is.any.integer..Between.each.pair.of.these.peaks.are.N.−.2.smaller.local.maxima.and.N.−.1.zeros..In.this.
example,.the.zeros.are.located.at.sin , , ,θ λ λ λ( ) = 5 2 5 3 5 4 5D D D D .
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where,.for.convenience,.we.have.defined.α.≡.(2π/λ).D.sin.θ..Note.
that.this.is

.
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The.terms.in.the.braces.form.a.finite.geometric.series,.since.each.
term.is.equal.to.the.preceding.one.times.e jα..Therefore,

.
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We.can.simplify.the.expression.in.the.parentheses.by.factoring.
out.exponentials.from.the.numerator.and.denominator:
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using.the.Euler.relation,.sin(x).=.(1/2j)(exp(jx).−.exp(−jx)).

Therefore,.
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Explicitly.writing.the.α’s:
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This.is.plotted.in.Figure.3.9b.for.N.=.5.
Maxima and minima.. We. see. that. the. numerator. of. I(θ). is.

zero.when.NπD sin.θ/λ.=.mπ,. i.e.,.D.sin.θ/λ.=.m/N,.where.m. is.
an.integer—but.note.that.both.numerator.and.denominator.are.
zero.if.m.is.an.integer.multiple.of.N..We.see.that.the.denomina-
tor.is.zero.when.πD.sin.θ/λ.=.m′π,.i.e.,.D.sin.θ/λ.=.m′,.where.m′.
is.an.integer—in.this.case,.however,.the.numerator.must.also.be.
zero,.since.NπD.sin.θ/λ.=.Nm′π.and.N.is.an.integer..If.both.the.
numerator.and.denominator.are.zero.I →.I0N2..A.more.detailed.
summary. of. the. locations. of. maxima. and. minima. is. a. useful.
exercise.for.the.reader.

As. illustrated. in. the. plot. of. I(θ). for. N.=.5. slits. (Figure. 3.9),.
there. are. large. maxima. separated. in. angle. by. sin.θ.=.λ/D..

The. form.of. I(θ). reveals. that. this.angular  spacing.between. the.
peaks.is.independent.of.the.number.of.slits..The.angular width.
of.the.large.peaks.is.approximately.Δ.sin.θ.≈.λ/ND—half.the.dis-
tance.in.angle.to.the.first.local.minimum—which.gets.sharper.as.
we.increase.the.number.of.slits..This.is.a.very.useful.feature,.as.
we.will.see.shortly.

3.3.3  the Diffraction Grating as 
a Monochromator

Suppose.we.have.a.telescope.that.collects.light.from.a.star,.and.
we.want.to.measure.the.star’s.spectrum—i.e.,.the.intensity.as.a.
function.of.wavelength,. I(λ)..How.can.we.do. this?.Our.detec-
tor.(like.most.good.detectors,.at.least.over.some.range.of.wave-
lengths).simply.measures.intensity,.regardless.of.the.wavelength.
of.the.light.hitting.it.

We. can. pass. the. light. though. an. N-slit. grating,. or,. equiva-
lently,.reflect.it.off.a.surface.with.N.mirrors—a.diffraction grat-
ing..How.does. this.help?.Light.of.wavelength.λ1. is.deflected.to.
angle.λ1/D..By.this,.we.mean.that.the.maximal.intensity.peak.for.
light.of.this.“color”.is.at.the.angle.given.by.sin.θ1.=.λ1/D,.and.inte-
ger.multiples,.as.in.Section.3.3.2;.typically,.the.angles.involved.
are.small,.so.sin.θ.≈.θ..Light.of.wavelength.λ2.is.deflected.to.angle.
λ2./.D,.etc..Moving.our.detector.to.various.positions.on.the.screen.
and.measuring.the.intensity.as.a.function.of.angle.on.the.screen.
reveals.the.intensity.as.a.function.of.wavelength!.(In.other.words.
I(λ1).=.I(θ1),.I(λ2).=.I(θ2),.etc.).

The.sharper.the.diffraction.peaks.(high.N),.the.finer.the.reso-
lution.in.λ—see.the.end.of.the.preceding.section..The.discovery.
(within.the.past.≈.10.years).of.planets.outside.our.solar.system—
one.of.the.most.remarkable.discoveries.of.recent.history—used.
the. approach. outlined. above. to. measure. tiny. shifts. in. stellar.
spectra.due.to.the.influence.of.the.orbiting.planets..The.typical.
N.of.the.diffraction.gratings.was.around.100,000!

3.3.4 Single-Slit Interference

In. our. initial. discussion. of. two-slit. interference,. we. neglected.
the. finite. width. of. the. diffraction. grating.. This. finite. width. is.
important—just. as. waves. from. each. slit. interfere. with. one.
another,.waves.traversing.various.paths.through.a.single.slit.will.
interfere.with.one.another,.and.lead.to.diffraction..Fortunately,.it.
is.easy.to.analyze.single-slit.interference—it.is.simply.the.limit.of.
the.N-slit.case.discussed.in.Section.3.2.2.as.N.→.∞,.D.→.0,.and.
the.product.ND →.a,.where.a.is.the.width.of.the.slit..The.reader.
can.verify.that

.
I I( sin ,)θ

β
β

=
⎛

⎝⎜
⎞

⎠⎟
0

2

where.β.=.πa.sin.θ λ−1,.as.plotted.in.Figure.3.10.
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3.3.5 Diffraction and resolution

This. single-slit. diffraction. pattern. is. exceptionally. important..
Any. optical. element—the. pupil. of. your. eye,. a. telescope. mir-
ror,. a.microscope. lens,. etc—is.an.aperture,. and. the. I(θ). above.
describes.how.light.travels.through.it..Why?

We.have.been.considering.light.leaving.an.aperture,.i.e.,.being.
“transmitted,”.and.reaching.a.screen,.where.it.is.“received.”.But.
look. carefully. at. Figure. 3.5,. 3.7,. or. 3.9—our. wave. interference.
scenarios.. Our. analysis. did. not. invoke. at. all. the. direction. the.
waves. were. traveling,. only. the. path. length. difference. between.
various. paths.. So. we. would. get. the. same. interference. effects.
if. light.were.transmitted. from.a.point.source.at.angle.θ.on.the.
screen,.passed.through.aperture(s),.and.were.detected.at.the.left.

Consider.light.from.a.point.source.(e.g.,.a.star).located.at.the.
far-off. “screen.”. We. observe. the. point. source. by. detecting. the.
intensity.passing.through.a.single-slit.aperture.of.width.a.(e.g.,.
a. telescope. lens. plus. an. intensity. detector).. We. tilt. the. barrier.
containing.our.slit.(e.g.,.our.telescope),.so.that.the.angular.posi-
tion.of.the.star.of.interest.is.θ1.=.0;.this.angle.gives.the.maximum.
of.the.single.slit.intensity.function,.and.we.happily.detect.light.
from.the.star..We.tilt.the.telescope;.at.the.new.θ2.=.0.there.is.no.
star;.we.see.no.light..We.tilt.further;.at.this.third.θ3.=.0.there.is.
light.again..“Aha!,”.we.say,.“We.have.seen.two.stars!”

Now.suppose.there.were.two.stars.very.close.to.one.another.in.
angular.position—let.us.say.the.difference.in.sin.θ.is.just.0.1λ/a..
(We.typically.deal.with.small.angles,.by. the.way,. so.sin.θ.≈.θ.).
Since.the.width.of.our.interference.function.is.≈.λ/a,.no.matter.
how.precisely.we.point.at.one.star,.we.will.be.detecting.a.sizeable.
fraction.of.the.intensity.of.the.other—there is no way we can tell 
that we are looking at two stars rather than only one!

The. angular limit of resolution,. often. just. referred. to. as. the.
resolution,. of. our. single-slit. aperture—the. minimum. angular.
separation.that.two.objects.must.have.in.order.to.be.able.to.dis-
tinguish. them—is.θres.≈.λ/a,. where. a. is. the. aperture. size.. (It. is.
an.“approximately.equals”.sign,.because.there.are.slightly.differ-
ent.ways.of.defining.criteria.for.distinguishability.that.will.not.
concern.us.here;.most.commonly,.one.uses.the.“Rayleigh.crite-
rion”. θres.=.1.22. λ/a.). Note. that. smaller. θres. means. that. we. can.

more.finely.distinguish.objects—we.can.“see”.better—and.that.
this.can.be.achieved.by.increasing.the.size.of.our.aperture..This.
is. why. one. builds. big. telescopes.. (Big. telescopes. have. another,.
unrelated,.advantage:.they.collect.more.light.)

This.issue.of.diffraction.sets.the.fundamental.limit.on.the.per-
formance.of.telescopes,.microscopes,.and.other.optical.devices..
Regarding. microscopy,. and. all. the. diverse. applications. of. it.
described,.for.example,.in.this.book,.the.above.angular.descrip-
tion. of. resolution. together. with. expressions. for. the. focusing.
ability. of. lenses. (Section. 3.5. and. Chapter. 1). set. a. spatial. limit.
for. optical. resolution.. Roughly,. objects. separated. by. distance.
less.than.Δx.≈.λ.cannot.be.resolved.as.separate.entities..We.will.
revisit.the.diffraction.limit.on.resolution.in.Section.3.5.8.

The.diffraction.of.light.as.it.passes.through.an.aperture.maps.
the.emission.of.an.ideal.pointlike.source.onto.the.observed.pat-
tern. of. intensity.. For. a. one-dimensional. slit,. this. mapping. is.
given. by. the. profile. shown. in. Figure. 3.10.. In. microscopy,. one.
is. interested. in. the. analogous. pattern. caused. by. diffraction.
through.the.two-dimensional,.typically.circular,.objective.lens..
One.refers.to.the.resulting.intensity.profile.of.a.point.source.as.
the. point. spread. function. (PSF).. In. other. words,. the. image. of.
a.point.source.(e.g.,.a.fluorescent.molecule).will.not.look.like.a.
point,.but.will.look.like.the.PSF..For.an.ideal.aberration-free.cir-
cular.lens.of.radius.a.and.focal.length.f.(defined.in.Section.3.5),.
the.PSF.is.given.(Gu.1999).by
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,.r.is.the.radial.coordinate.in.the.imaging.plane

I0.is.the.central.intensity
J1.is.a.Bessel.function.of.the.first.kind

This.function.is.illustrated.in.Figure.3.11;.note.that.the.width.of.
the.intensity.peak.is.roughly.λ/2.
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FIGURE 3.10 The.intensity.function.of.a.single.slit.of.width.a..Note.
that.the.angular.width.of.the.peak.is.approximately.λ/a.
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FIGURE 3.11 The. PSF. for. an. ideal. circular. aperture,. plotted. for.
a/f.=.0.7.and.λ.=.0.6.μm.
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3.4 refraction

When. light. travels. from. one. medium. to. another,. it. may.
change.direction..This.phenomenon—familiar.whenever.we.see.
the. “bent”. shape. of. a. straw. poking. out. of. a. glass. of. water—is.
known.as.refraction..(The.light.may.also.change.its.intensity.at.a.
boundary.between.media,.which.we.will.discuss.in.Section.3.6.).
Refraction,. like. diffraction,. is. inherently. a. consequence. of. the.
wave.nature.of.light,.and.our.analysis.below.applies.also.to.waves.
in.water,.sound.waves,.etc.

3.4.1 Snell’s Law

The.basic.setup.for.issues.of.refraction.is.shown.in.Figure.3.12a:.a.
ray.of.light.crosses.the.boundary.between.two.media,.with.indi-
ces.of.refraction.n1.and.n2,.making.angles.θ1.and.θ2.with.respect.
to.the.normal.in.each.medium,.respectively..The.question.is:.How 
are.θ1.and.θ2.related?.The.answer.is.crucial.to.the.propagation.of.
light.and.to.the.design.of.lenses.and.other.optical.elements.

The.answer,.as.we.will.show,.is.that.light.obeys.Snell’s law:

. n n1 1 2 2sin sin .θ θ=

There. are. several. ways. to. derive. this. result.. We. could. directly.
examine.the.wave.equations.for.electromagnetic.fields.and.look.
for.solutions.consistent.with.the.presence.of.a.boundary.between.
two. media,. but. this. would. be. both. painful. and. unilluminat-
ing..There.are,.fortunately,.simpler.ways.of.thinking.about.light.
propagation.

3.4.2 Fermat’s Principle

3.4.2.1 Minimal time Paths and Snell’s Law

A.general.principle.describing.wave.motion.was.put. forth.by.
Pierre.de.Fermat. in. the. seventeenth.century.. It. is. sometimes.

stated. as. “light. travels. from. one. point. to. another. along. the.
path.that.takes.the.minimal.amount.of.time.”.This.is.not.quite.
correct—we. will. fix. it. in. a. few. paragraphs—but. it. is. a. good.
place.to.start..We.will.also.return.to.justifying.Fermat’s.prin-
ciple.shortly..First,.let.us.use.it.to.derive.Snell’s.law.

Imagine. you. are. on. a. beach,. and. someone. in. the. ocean. is.
drowning.. You. rush. out. to. help,. which. requires. both. run-
ning.on. land.and.swimming.in.the.water..You.can.run.faster.
than.you.can.swim..What.path.should.you.take?.With.a.bit.of.
thought,.you.will.realize.that.a.straight. line.between.you.and.
the.drowning.person. is.not. the.best. idea—rather,.you.should.
reduce.the.length.of.the.swim.to.minimize.the.overall.time.to.
your.target..How.much.should.you.run.and.how.much.should.
you.swim?

The.same.dilemma.is.encountered.by.our.light.beam,.travel-
ing.from.position.A.in.a.medium.of.index.of.refraction.n1.(your.
position.on.the.beach,.in.the.above.analogy).to.position.B.in.a.
medium. of. n2(the. swimmer’s. position,. in. the. water). in. Figure.
3.12b..The.speed.of.light.in.medium.1.is.v1.=.c/n1.and.in.medium.
2.is.v2.=.c/n2..Within.each.medium,.the.light.travels.in.a.straight.
line—itself.a.consequence.of.Fermat’s.principle,.as.you.can.con-
vince.yourself..There.are.many.possible.paths.between.A.and.B,.
as.illustrated.in.the.figure,.that.we.can.label.based.on.the.posi-
tion.x.at.which.they.cross.the.interface..One.of.these—let.us.call.
it. the. one. that. goes. through. position. x0—minimizes. the. total.
travel.time..What.is.this.path?.(What.is.x0?)

The. travel. time. in. medium. 1,. t1,. is. the. distance. traveled. in.
medium.1.divided.by.the.speed.in.medium.1:.t n c y x1 1 1

2 2= ( ) +/ ;.

similarly,.the.travel.time.in.medium.2.is.t n c y L x2 2 2
2 2= ( ) + −/ ( ) ..

The.total. travel. time. is. t = t1.=.t2..To.find.the.minimal. time,.we.
determine.the.x.for.which.dt/dx.=.0;.call.this.x0:

.

d
d

t
x

n
c y

n
c

L x
y

x
x L x

=
+ + −

−
−1

1
2 2

2

2
2 2

( ) ,
( )

n1

n2

θ1 θ1

θ2

n1

n2

θ2

y1

y2

A

B

x

L

(a) (b)

FIGURE 3.12 Refraction..(a).The.path.taken.by.light.traveling.between.two.media.bends.at.the.interface;.the.relation.between.the.angles.θ1.and.
θ2.depends.on.the.indices.of.refraction.of.the.two.materials,.and.is.given.by.Snell’s.law..(b).Light.traveling.from.point.A.in.medium.1.to.point.B.in.
medium.2.can.follow.infinitely.many.possible.paths,.four.of.which.are.illustrated.here..Fermat’s.principle.states.that.the.actual.path.the.light.takes.
is.that.for.which.the.total.travel.time.is.minimal.(actually.extremal,.as.discussed.in.the.text),.from.which.Snell’s.law.follows.
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(To. show. that. x0. is. a. minimum,. we. should. also. examine.
the. second. derivative. of. t,. but. as. we. will. see. later,. it. does. not.
actually.matter. if.x0. is. the. site.of. a.minimum.or.a.maximum..
Furthermore,.we.can.intuit.from.the.form.of.t(x).that.this.extre-
mum.is,.in.fact,.a.minimum.)

Note.from.geometry.that
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Therefore,.the.above.condition.becomes

. n n1 1 2 2sin sin .θ θ=

We.have.shown.that.when.the.above.condition.is.met,.the.travel.
time.for.light.propagation.is.minimized..This.is.Snell’s.law.

We. can. also. use. Fermat’s. principle. to. derive. Snell’s. law of 
reflection,. which. states. that. the. reflected. ray. makes. the. same.
angle.with.the.interface.as.the.incident.ray.

3.4.2.2 Explaining Fermat’s Principle

Now. let. us. explain. Fermat’s. principle.. Suppose. light. trav-
els. along.many.paths,. all.of.which. interfere.with.one.another..
Paths. for. which. the. phase. difference. is. near. zero. will. con-
structively. interfere.. Consider. the. minimal. time. path.. As. we.
saw. in. our. .derivation. of. Snell’s. law. above,. this. is. the. path. for.

which. n di i• .is.minimal,.where.the.sum.runs.over.all.the.seg-
ments. being. considered. (two. segments. in. the. above. example),.
and. di. is. the. length. of. segment. i.. From. Section. 3.2,. minimiz-
ing. n di i• .is.the.equivalent.to.minimizing.the.phase.traversed.
by.the.wave.along.the.path..Therefore,.the.minimal.time.path.is.
also.the.path.of.minimal.phase.and.is.also.the.path.of.minimal.

n di i• .—all. these. statements.are. equivalent..This. sum. n di i• .
is.more.properly.written.as.an.integral.and.is.called.the.optical.

path.length.(OPL):. OPL d= ∫ n x x
A

B
( ) .

Why.should.the.path.of.minimal.OPL.be.the.path.light.takes?.

Let.us.call.this.path.P..By.construction,.
d OPL

d
( )
� �s P

,.is.zero,.where.

s.indicates.any.variable.that.characterizes.the.paths..Therefore,.
nearby.paths.are.similar.in.phase.and.so.constructively.interfere...

Consider. a. path. for. which. d OPL
d
( )
� �s

. is. not. zero—moving. to. a.
slightly.different.path,.the.OPL.can.change.appreciably,.perhaps.

higher.in.one.direction,.lower.in.another,.etc.,.and.so.we.would.
not.expect.constructive.interference.

You.may.be.thinking:.the.minimal.OPL.path.is.not.the.only.
one.for.which.we.can.guarantee.constructive.interference..What.
about. the. maximal. OPL. path?. This. too. provides. constructive.
interference..And.so.the.proper.formulation.of.Fermat’s.princi-
ple.is.that.light travels along paths of extremal optical path length..
Typically,. these.are.minimal.OPL.paths;.but,. in.certain.geom-
etries,.they.can.be.maximal.OPL.paths.as.well.

3.4.3 total Internal reflection

Let.us.look.more.carefully.at.Snell’s.law..What.if.n1.>.n2,.and.θ1.
is.large,.so.that.(n1/n2)sin.θ1.>.1?.What.θ2.can.satisfy.Snell’s.law:.
n1.sin θ1.=.n2.sin.θ2?.None..This.means.that.there can be no wave 
transmitted to medium 2;. the. light. from. medium. 1. is. totally.
reflected. at. the. interface,. a. condition. known. as. total internal 
reflection.

Fiber.optics,.which.underpin.much.of.modern.communica-
tion,.work.because.of.total.internal.reflection..Consider.a.glass.
fiber. (n.=.1.5). surrounded.by.air. (n.=.1.0)..We.want. the. light. to.
travel.along.the.fiber.and.not.leak.out.into.the.air..This.is.auto-
matically.enforced.by.total.internal.reflection.due.to.the.higher.
index.of.refraction.of.the.glass.and.the.large.incident.angles.of.
light.traveling.along.the.fiber.(as.long.as.the.fiber.is.not.severely.
bent).. In.a.fiber.optic.cable,. light.can.propagate. for.kilometers.
with.losses.of.a.fraction.of.a.percent!

A.careful.treatment.of.electromagnetic.fields.would.show.that.
the. light. intensity. in.medium.2. is.not.exactly.zero..Rather,.an.
“evanescent. wave”. decays. to. zero. over. a. short. distance,. com-
parable. to.λ,. in.medium.2..This.attribute.finds.applications. in.
biophysical. imaging.. In. total. internal. reflection. fluorescence.
microscopy,. excitation.of.fluorescent.probes.by. the.evanescent.
wave.allows.discrimination.of.molecules.near.interface.despite.
the. presence. of. large. concentrations. of. probes. in. the. bulk.
(Axelrod.et.al..1984,.Axelrod.2001,.Groves.et.al..2009).

3.5 Lenses

We.often.wish.to.collect.and.reshape.electromagnetic.wavefronts.
to.create.images.of.objects..Lenses.are.powerful.tools.for.achiev-
ing.these.goals.and.are.obviously.very.useful,.forming.the.essen-
tial.imaging.elements.of.telescopes,.microscopes,.cameras,.your.
eyes,.and.many.other.devices..The.“ideal”. shape.of.a. lens.sur-
face. is. generally. some. non-spherical. conic. section. (hyperbola,.
parabola,. etc.),. but,. in. practice,. spherical. lenses. are. typically.
used,. since. they. are. much. easier. to. make. than. aspheric. (non-
spherical). lenses..Typically,.one.uses. spherical. lenses.and. then.
corrects.for.their.aberrations.(nonideal.behavior),.e.g.,.by.using.
combinations.of.lenses..We.will.briefly.explore.lenses.

3.5.1 a Spherical Interface

Consider. a. point. source. emitting. spherical. waves. from. point.
S,. in.a.medium.of.index.of.refraction.n1.(see.Figure.3.13)..Can.
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we.construct. a. spherical. interface.of. radius.R. that. focuses. the.
emitted.light.to.point.P,.regardless.of.where.it.hits.the.interface?.
What.should.R.be?.Point.P.is.embedded.in.a.medium.of.index.
of. refraction. n2;. we. are. considering. the. shape. of. the. interface.
between.media.1.and.2..Consider.n2.>.n1,.so.that.the.rays.from.S.
will.be.refracted.“inwards.”

In.Figure.3.13,.Point.C.is.the.center.of.the.sphere.of.radius.R..
The.distance.between.the.“object”.point,.S,.and.the.interface.is.so,.
and.the.distance.between.the.“image”.point,.P,.and.the.interface.
is.si..The.angles.that.the.incident.and.reflected.rays.make.with.
respect.to.the.normal.to.the.interface.are.θ1.and.θ2..As.usual.θ1.
and.θ2.are.related.by.Snell’s.law:.n1.sin.θ1.=.n2.sin.θ2..We.can.relate.
θ2.to.β.via.the.law.of.sines:.(sin.β/R).=.(sin.θ2/(si.−.R))..Relating.θ1.
to.α.is.not.quite.as.transparent;.first.note.that.∠SAC.=.π.−.θ1,.so.
sin.(∠SAC).=.sin(π.−.θ1).=.sin.θ1,.and.then.apply.the.law.of.sines.
to.ΔSAC.to.get.(sin.α/R).=.(sin.θ1/(R + so))..Inserting.all.this.into.
Snell’s.law:
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We.have.derived.a. relation. that.must.hold. for. focusing.at.P.
to.occur..In.other.words,.we.know.what.R.we.need—the.R.that.
satisfies.the.above.expression..Unfortunately,.it.depends.on.y,.the.
position.at.which.our.ray.hits.the.interface!.Therefore,.different.
rays.will.not.focus.to.the.same.image.spot.

3.5.2  a Spherical Interface—the 
Paraxial regime

What.we.have.shown.is.that.a.truly.spherical.interface.will.not.
serve.as.an.ideal.lens..There.is.a.way.out.of.this,.however,.which.
is.to.limit.ourselves.to.the.paraxial.regime,.meaning.that.we.con-
sider.only.light.that.is.nearly.parallel.with.the.optical.axis,.SP..
In.other.words,.we.consider.small.α.and.β..Therefore,.y/so.and.
y/si.are.small,.allowing.us.to.neglect.them.in.the.above.equation:.
n1(R + so).si.≈.n2.(si.−.R).so,.from.which.(n1/so).+.(n2/si).=.(n2.−.n1)/R..
A.simple,.useful.relation!.(By.the.way,.we.could.also.have.derived.
this.directly.from.Fermat’s.principle,.by.determining.the.R.for.
which.SAP.is.an.extremal.path.for.any.A.)

Should.we.be.bothered.by.limiting.ourselves.to.the.paraxial.
case?. Yes. and. no.. In. practice. one. does. try. to. design. optical.
systems. such. that. beams. are. close. to. the. center. of. spherical.
lens.elements.or,.equivalently,.to.have.one’s.image.and.object.
distances.be.large.compared.to.the.size.of.the.lens..If.one.does.
this,.the.above.relation.works.very.well..In.practice,.one.works.
in. the. paraxial. regime. and. applies. additional. corrections. if.
necessary..We.will.continue.limiting.ourselves.to.the.paraxial.
regime.

3.5.3 Focal Points

If.R,.n1,. and.n2.are.fixed,.decreasing. so.means. that. si. increases.
(and.vice.versa),.from.the.above.boxed.relation..Let.us.increase.si.
until.si.→.∞;.in.other.words,.parallel.rays.emerge.from.the.inter-
face;.what. is. so?.From.above:. (n1/so).+.(n2/∞).=.(n2.−.n1)/R,. there-
fore. so.=.(n1/(n2.−.n1))R—an. object. at. this. distance. focuses. “to.
infinity.”.We.will.call.this.distance.the.object focal length,.fo.≡.(n1/
(n2.−.n1))R..The.spherical.waves.from.the.point.source.turn.into.
plane.waves.

The.same.holds.if.we.do.not.consider.a.“semi-infinite”.medium.
on.the.right,.but.rather.a.finite.lens.with.a.spherical.surface.at.the.
left.and.a.flat.surface.at.the.right—a.planoconvex lens.(see.Figure.
3.14)..Note.that.since.the.right.edge.is.flat,.all.rays.are.normal.to.
it,.and.there.is.no.“bending”.of.the.rays.due.to.refraction.

We.can.of.course.consider.the.opposite.situation,.in.which.
plane.waves.(parallel.rays.from.so.=.∞).are.focused.to.an.image.
at. some. si.. This. particular. si. is. denoted. fi,. the. image focal 
length.
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C P

y R

so

n1 n2

si

θ1

θ2
α

ℓiℓo
β

FIGURE 3.13 A.spherical. interface..C,.S,.A,.and.P.refer. to.particu-
lar.points—the.center.of. the. spherical. interface,. the.object.point,. the.
point.at.which.the.ray.drawn.hits. the. interface,.and.the. image.point,.
respectively.. Italicized. letters. refer. to. distances.. Greek. letters. refer. to.
angles—note.that.α.=.∠ASC.and.β.=.∠CPA.

so = fo

FIGURE 3.14 A. planoconvex. lens.. Light. emanating. from. a. source.
located. at. the. object. focal. length. is. focused. to. an. image. distance. of.
infinity.(i.e.,.the.rays.become.parallel).
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3.5.4 real and Virtual Images

Solving.the.lens.equation.above.for.si,.we.have
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If.so.>.fo,.then.si.>.0,.and.point.P.is.to.the.right.of.the.interface..The.
rays.from.S.converge.at.P..To.an.observer.at.the.right,.it looks as 
if light is emanating from point P..We.have.what.is.called.a.real 
image.at.P.(see.Figure.3.15a)..If,.for.example,.we.put.a.power.meter.
at.P,.we.detect.a.high.degree.of.power.due.to.the.focused.light.

If.so.<..fo,.then.si.<.0,.and.point.P.is.to.the.left.of.the.interface..The.
rays.do.not.actually.hit.point.P,.but.they.appear.to.an.observer.at.
the.right.as.if.they.are.emanating.from.P.(see.Figure.3.15b)..We.
have.what.is.called.a.virtual image.at.P..If,.for.example,.we.put.a.
power.meter.at.P,.we.do not.detect.a.high-intensity.focused.spot,.
since.there.is.no.“spot”.there.

3.5.5 Concave Lenses

The. same. analysis. works. for. concave. lenses,. but. we. treat. R. as.
negative.(R.<.0)..Since
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3.5.6 thin Lenses

Let.us.glue.one.lens.of.radius.of.curvature.R1.onto.another.of.R2.
(see.Figure.3.16)..We.will.consider.thin.lenses.and.so.neglect.the.

lens. thickness.d. (i.e.,. we. are. assuming. d. is. smaller. than.other.
lengths.involved).

The.object.and.image.lengths.for.“lens.1”.(the.left.half.of.the.
lens).are.related.by
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The.image.of. lens.1.provides.the.“object”.for.lens.2..Therefore,.
so2.=.−si1.+.d.≈.−si1,. where. the. negative. sign. arises,. because,. as.
defined. above,. a. positive. image. length. and. a. positive. object.
length.lie.in.opposite.directions..Considering.lens.2:

.

n
s

n
s

n n
R

2

1

1

2

1 2

2−
+ =

−

i i
,

where.we.keep.track.of.which.index.of.refraction.is.which.
We.need.to.adopt.a.consistent.set.of.sign.conventions.for.the.

radii..As.noted.above,.a.convex.“left”.lens.has.R.>.0,.and.a.concave.
“left”.lens.has.R.<.0..For.the.right.side.lens,.these.are.switched..
Returning.to.our.thin.lens,.adding.the.two.expressions.above:
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For.a.thin.lens.in.air,.n1.≈.1;.n2.=.nlens,.giving.us.the.thin lens equa-
tion,.or.Lensmaker’s formula:
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The.focal length,.f,.is.given.either.by.so.or.si.→.∞.(it.does.not.mat-
ter.which):
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We. can. then. write. the. thin. lens. equation. as. (1/so).+.(1/si).=.1/f,.
also.known.as.the.Gaussian.Lens.Formula..This.is.one.the.most.
important.relations.for.the.design.of.optical.systems.

For example:.Consider.parallel. rays. incident.on.the.flat.side.
of.a.glass.(n.=.1.5).planoconvex.lens.with.a.radius.of.curvature.
of.50.mm..Where.will.these.rays.be.focused.to?.Answer:.R1.=.∞,.
R2.=.−50.mm..1/f.=.(1.5.−.1).(1/50.mm),.so.f.=.100.mm,.si.=.100.mm..
The.rays.will.focus.to.a.point.100.mm.beyond.the.curved.side.of.
the.lens.

3.5.7 Magnification

Lenses. magnify. objects.. The. magnification. can. be. >1. or. <1..
See.Figure.3.17.depicting.a.thin.lens,.which.is.magnifying.an.
extended.object.(i.e.,.not.a.point.source)—in.this.case,.a.pear.

S SP
P

fo
so

fo
sosi(a) (b)

FIGURE 3.15 (a). Real. and. (b). virtual. images.. (a). Light. emanates.
from.P..(b).Light.looks.to.an.observer.like.it.is.emanating.from.point.P.
located.to.the.left.of.the.interface.

S P

so1

n1 n1n2

so2d

FIGURE 3.16 Focusing.light.with.a.thin.lens.(imagine.d.is.small).
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Points.Fo.and.Fi.are.each.a.distance.f,.the.focal.length,.from.
the.lens..Consider.light.emanating.from.the.top.of.the.pear..The.
ray. that. goes. through. Fo. will. emerge. from. the. lens. parallel. to.
the. axis. (think. about. why. this. is).. The. ray. the. leaves. the. pear.
parallel.to.the.axis.will.go.through.Fi..The.ray.that.goes.through.
the.center.of.the.lens.will.be.undeflected.in.the.thin.lens.limit.
(Hecht.2002).

The.magnification,.MT,.is.defined.to.be.the.height.of.the.image.
relative.to.the.height.of.the.object—i.e.,.MT.≡ yi/yo..Triangle.S1S2O.
is. similar. to. triangle. P1P2O,. so. yo/so.=.−yi/si,. so. MT.≡.−si/so;. the.
negative.sign.shows.that.the.image.is.inverted.

Triangle. AOFi. is. similar. to. triangle. P1P2Fi,. so. yo/f.=.|yi|/
(si.−.f ).

Triangle.BOFo.is.similar.to.triangle.S1S2Fo,.so.yo/(so.−.f).=.|yi|/f..
Combining. these,. ( f/(so.−.f )).=.((si.−.f )/f ).. Note. that. si.−.f = xi.
(see. figure).. Using. the. last. similar. triangle. relation. again,.
( f/(so.−.f )).=.(−yi/yo)..And.so,.MT.=.(yi/yo).=.−(xi/f )..We.could.also.
have.written:.MT.=.−(f/xo).

As. the. object. distance. xo. is. lowered,. the. magnification.
increases..The.reader.may.think.about.what.happens.if.xo.<.0,.i.e.,.
the.object.is.closer.than.the.focal.point..Drawing.rays,.convince.
yourself.that.the.lens.cannot.form.an.image.of.the.object.

Another.important.aspect.of.lenses.that.follows.from.the.dia-
grams.above,.and.for.which.it.is.useful.to.develop.an.intuition:.
Parallel.rays.that.are.also.parallel.to.the.optical.axis.are.focused.
to.the.focal.point.on.the.optical.axis..Parallel.rays.that.are.tilted.
with.respect.to.the.optical.axis.are.also.focused.to.a.point.at.dis-
tance.f,.but.off.the.optical.axis;.such.points.define.the.focal plane..
The.reader.may.wish.to.draw.such.rays.

3.5.8 resolution

When. considering. single-slit. diffraction. in. Section. 3.3,. we.
realized. that. the. angular. resolution. of. a. device. is. given. by.
θmin.≈.λ/a,. where. λ. is. the. wavelength. of. light. and. a. is. the.
diameter.of. the. imaging.aperture..Two.objects.must.have.an.
angular.separation.of.at.least.θmin.if.they.are.to.be.resolved.as.
separate. objects.. Using. lenses. to. magnify. objects,. this. angu-
lar.resolution.criterion.still.holds..Moreover,.the.fact.that.the.
object. distance. cannot. be. closer. than. the. focal. length. turns.

our.resolution.relation.into.a.distance.criterion..We.will.briefly.
sketch.this:

Consider.two.objects.separated.in.position.by.Δy.at.a.distance.
s. from. a. lens. (see. Figure. 3.18).. For. the. two. to. be. resolvable,. we.
need. θ.>.λ/a,. where. θ.≈.Δy/s.. Therefore,. we. need. Δy.>.sλ/a.. Since.
s > f, f.=.(n1/(n2.−.n1))R,. and. R > a,. we. can. write. s.>.(n1/(n2.−.n1))a..
Combining.the.two.inequalities:.Δy.>.(n1/(n2.−.n1))λ..The.numerical.
factor.n1/(n2.−.n1).≈.1.in.our.rough.treatment..Therefore,.our.mini-
mum.resolvable.spatial.separation.is.Δymin.≈.λ..We.cannot.resolve.
objects.smaller.than.(approximately).the.wavelength.of.light.

More.precise. statements.of.optical. resolvability.can.be.con-
structed.. Typically,. one. invokes. the. Abbe. criterion. that. the.
minimal. Δy.=.λ/(2nsinθ),. where. n. is. the. index. of. refraction. of.
the. medium. and. θ. is. the. maximum. angle. over. which. light. is.
collected..The.value.of.sin.θ. is.bounded.by.1,.so.at.best.Δy.=.λ/
(2n)..For.λ.=.400.nm.(blue).light.in.water.(n.=.1.3),.the.theoretical.
resolution.limit.is.about.150.nm..(In.practice,.any.aberrations.or.
imperfections.further.reduce.the.resolution.).Hence,.the.wave-
lengths.of.visible.light.set.a.limit.of.roughly.a.few.hundred.nano-
meters.as.the.minimal.size.of.resolvable.structures—smaller,.for.
example,.than.cells.but.far.larger.than.the.characteristic.sizes.of.
proteins.or.small.molecules.

It. is. important. to.keep. in.mind. that. the. issues.of. resolution.
discussed. above. govern. the. discrimination. of. two. (or. more).
objects..If.one.knows.that.only.a.single.point.source.contributes.
to.an.image,.giving.an.intensity.profile.like.that.of.Figure.3.11,.for.
example,.the.center.of.this.profile.can.be.determined.to.arbitrarily.
high.precision.(in.practice,.a.few.nanometers.typically)..A.few.of.
the.many.applications.of.this.principle.are.illustrated.in.(Crocker.
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FIGURE 3.17 Magnification.of.an.image.by.a.lens..Rays.emanating.from.point.S1,.on.the.optical.axis,.are.focused.to.point.P1.(not.drawn)..Rays.
from.S2.are.focused.to.P2.

s

∆y
θ

FIGURE 3.18 Schematic,.for.considering.spatial.resolution.
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and.Grier.1996,.Weihs.et.al..2006,.Crocker.and.Hoffman.2007,.
Roichman.et.al..2008,.Kong.and.Parthasarathy.2009).

Despite. the. fundamental. nature. of. the. diffraction-limited.
resolution,. the. past. decade. or. so. has. seen. the. birth. of. several.
very.clever.techniques.for.surmounting.it,.using.interferometry,.
nonlinear. optical. processes,. or. single-molecule. imaging. (e.g.,.
Betzig.et.al..2006,.Bates.et.al..2007,.Hell.2007,.Abbott.2009).to.
yield.optical.information.at.scales.an.order.of.magnitude.smaller.
than.what.was.traditionally.thought.possible.

3.6  reflection and transmission 
(Fresnel’s Equations)

The. law. of. reflection. (θr.=.θi,. where. r. and. i. refer. to. reflected.
and. incident. rays;. Figure. 3.19a). and. Snell’s. law. (ni.sin.θi.=.nt.
sin.θt,.where. t. refers. to. the. transmitted.ray).give. the.directions.
of. reflected. and. transmitted. rays. at. boundaries.. What. are. the.
amplitudes.of. the.electromagnetic.waves?. In.other.words,.how 
much.light.is.reflected.and.transmitted?.Similar.questions.arise.
when.considering.other.sorts.of.waves.hitting.boundaries—for.
example,.waves.on.strings,.incident.at.an.interface.between.two.
media.with.different.propagation.speeds..In.all.these.situations,.
transmission. and. reflection. are. analyzed. by. considering. the.
boundary.conditions.imposed.by.the.junction.

To.consider. the.general.case.of.a.plane.electromagnetic.wave.
hitting.a.surface.at.some.angle.θi.(with.respect.to.the.normal),.we.
will.have.to.separately.consider.the.components.with.electric.field.
perpendicular.and.parallel.to.the.plane of incidence..(The.incident,.
reflected,.and.transmitted.rays.all. lie. in.and.define.the.plane.of.
incidence,.“POI,”.which.also.includes.the.normal.to.the.surface.)

Recall. from. Section. 3.2.4.2. some. properties. of. electromag-
netic.waves:

•. The.electric.and.magnetic.field.vectors.of.an.electromag-
netic.wave.are.perpendicular.to.each.other.

•. E ⃗ × B⃗.points.along.k,⃗.the.wavevector,.i.e.,.along.the.direc-
tion.of.propagation.

•. The.field.amplitudes.are.related.by.|E |⃗.=.v|B|⃗,.where.v = c/n.
is.the.wave.speed.

The. boundary. conditions. that. govern. electric. and. magnetic.
fields.at.the.interface.between.media.are

. i.. The.tangential.(i.e.,.parallel.to.the.interface).components.
of.the.electric.field,.E ⃗.are.continuous.across.the.boundary.

. ii.. The. tangential. (i.e.,. parallel. to. the. interface). compo-
nents.of.B/⃗μ,.where.μ.is.the.magnetic.permeability.of.the.
medium,.are.continuous.across.the.boundary.

Let.us.consider.the.two.cases.

3.6.1  Case I: E ⃗ Perpendicular to 
the Plane of Incidence

Note.that.a.circle.with.a.dot.in.it.indicates.a.vector.that.points.out.
of.the.page.towards.you.(see.Figure.3.19b)..The.electric.field.vec-
tors.are.completely.tangential.to.the.interface..The.magnetic.field.
vectors.are.not..Applying.boundary.condition.(i).to.the.ampli-
tudes.(E0).of.the.electric.fields,

. E E E0 0i r 0t+ =

Applying.boundary.condition.(ii).to.the.amplitudes.(B0).of.the.
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Using.B0.=.E0/v.(from.above),.vi.=.vr.(since.they.are.in.the.same.

media),.θi.=.θr.(law.of.reflection),.and.vi.=.c/ni,.we.can.write.the.
above.relation.as
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Combining.this.with.the.boundary.condition.(i).equation.above,.
substituting. to. eliminate. E0t,. we. can. solve. for. the. ratio. of. the.
reflected.wave.amplitude.to.the.incident.wave.amplitude:
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FIGURE 3.19 Reflection.and.refraction.at.an.interface..The.incident.wave.(wavevector.
�
ki).is.reflected.(wavevector.

�
kr).and.transmitted.(wavevec-

tor.
�
kt)..Both.the.angles.of.the.reflected.and.transmitted.waves.and.their.amplitudes.are.determined.by.the.dielectric.properties.of.the.materials.that.

comprise.the.interface..(a).Electric.and.magnetic.field.vectors.for.light.polarized.with.
�
E .perpendicular.to.the.plane.of.incidence..(b).Electric.and.

magnetic.field.vectors.for.light.polarized.with.
�
E .parallel.to.the.plane.of.incidence.
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Similarly. solving. instead. for. the. ratio.of. the. transmitted.wave.
amplitude.to.the.incident.wave.amplitude,

.

E
E

n
n n

0

0

1

1 1
2t

i

i i i

i i i t t t

⎛
⎝⎜

⎞
⎠⎟

=
+⊥

−

− −

μ θ
μ θ μ θ

cos
cos cos

.

Typically,.one.deals.with.nonmagnetic.materials:.μ.≈.μ0,.the.per-
meability.of. free. space..The.above.equations.simplify,.yielding.
two. of. the. four. Fresnel equations,. for. the. amplitude. reflection.
coefficient,.r⊥.and.the.amplitude.transmission.coefficient,.t⊥.
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3.6.2  Case II: E ⃗ Parallel to the 
Plane of Incidence

Applying.the.boundary.conditions.to.this.geometry.leads.to.(see.
Figure.3.19c):
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For. typical. nonmagnetic. media,. we. get. the. other. two. Fresnel 
equations:

.
r E

E
n n
n n||

||

cos cos
cos cos

,=
⎛
⎝⎜

⎞
⎠⎟

=
−
+

0

0

r

i

t i i t

i t t i

θ θ
θ θ

.
t E

E
n

n n||
||

cos
cos cos

.=
⎛
⎝⎜

⎞
⎠⎟

=
+

0

0

2t

i

i i

i t t i

θ
θ θ

3.6.3 Brewster’s angle

Let.us.plot.r⊥.and.r ||.as.a. function.of.θi. for. light. incident. from.
air.(ni.=.1).to.water.(nt.=.1.33)—see.Figure.3.20..We.notice.some-
thing. very. interesting:. a. particular. θi. for. which. the. reflection.
coefficient. is. zero. for. light. with. its. electric. field. parallel. the.
plane.of.incidence..There.is.no.such.angle.for.the.perpendicular.
polarization.

The. reader. can. work. through. the. algebra. and. show. that. if.
nt.>.ni,. r||.=.0. at. one. particular. incident. angle,. θi.. This. angle. is.
called.Brewster’s angle,.θp,.and.is.given.by.tan.θp.=.nt/ni..All.the.
parallel-polarized.light.is.transmitted..What.about.the.perpen-
dicular.polarization?.One.can.show.that. there. is.no.angle. that.
gives.r⊥.=.0..Therefore,.shining.randomly.polarized.light.incident.
at.the.Brewster.angle,.the.reflected.light.is.completely.polarized.
with. its. electric. field. perpendicular. to. the. plane. of. incidence..
This. property,. together. with. a. desk. lamp,. a. sink,. and. a. large.
bowl,. once. saved. your. author. from. misfortune,. as. he. found.
himself. with. a. much-needed. linear. polarizer. whose. transmis-
sion.axis.was.unlabeled..The.reader.can.test.his.or.her.mystery-
solving.skills.by.figuring.out.how.he.determined.the.polarizer’s.
axis.and.thereby.saved.the.day.

The. polarization-dependence. of. reflection. at. interfaces. also.
underpins.Brewster.angle.microscopy,. in.which.an.interface.is.
imaged. with. parallel-polarized. light. incident. at. the. Brewster.
angle. of. the. two. media.. The. presence. of. interfacial. molecules.
distinct.from.those.of.the.two.media—for.example,.lipids.orga-
nized.at.an.air–water.interface—alters.the.local.index.of.refrac-
tion,. leading. to. a. nonzero. reflection. coefficient.. The. intensity.
of. the. reflected. light. therefore. provides. a. sensitive. measure. of.
interfacial.molecular.organization.

3.7 Concluding remarks

In.the.preceding.pages,.we.have.explored.the.basic.elements.of.
optics..All.of.these.topics.can.be.explored.much.further,.uncov-
ering. still. more. depth. and. beauty. than. we. have. been. able. to.
sketch,.and.also.illuminating.applications.of.great.importance.to.
science.and.technology..As.will.be.evident.throughout.this.book,.
these.two.aspects.of.optics—its.formal.elegance.and.its.practical.
utility—are.intertwined..Demands.from.fields.as.diverse.as.bio-
logical.imaging,.astronomy,.and.telecommunications.drive.the.
search.for.deeper.insights.into.the.behavior.of.light..Conversely,.
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explorations. of. the. intricacies. of. electromagnetic. wave. propa-
gation. have. yielded,. and. will. undoubtedly. continue. to. yield,.
remarkable.new.tools.
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4.1 Introduction

Biomedical. optics. is. an. interdisciplinary. study. that. demands.
proficiency.across.a.broad.range.of. topics,. stretching. from.fun-
damental. concepts. in. biology. and. biochemistry. to. technical.
instrumentation. in. optics.. The. latter. can. sometimes. be. quite.
intimidating. itself,. particularly. when. one. considers. the. wide.
diversity.of.devices.associated.with.modern.techniques.and.appli-
cations.in.biomedical.optics,.as.seen.in.later.chapters.of.this.book..
It.is.easier.to.make.sense.of.various.instrumentation.schemes.when.
guided.by.a.basic.understanding.of.the.properties.and.operating.
principles.of.devices. involved. in.producing.and.detecting. light..
Light. sources. and. light. detectors. represent. the. beginning. and.
end,. respectively,.of.any.optical. system.used. to. study.biological.
structures.or.mechanisms..Different. types.of. these.devices.pro-
vide.access.to.the.different.properties.of.light.that,.in.turn,.reveal.
different.aspects.of.the.biological.cells.and.tissues.under.study.

Section.4.2.briefly.describes.some.nonlaser.light.sources:.high-
pressure. arc. lamps,. low-pressure. vapor. lamps,. incandescent.
lamps,. and. light-emitting. diodes. (LEDs).. Greater. emphasis. is.
placed.on.laser.light.sources.as.these.play.a.more.significant.role.
in.state-of-art.biomedical.optics.techniques..Some.basic.proper-
ties.that.make.laser.radiation.particularly.useful.in.biomedical.
optics.applications.are.discussed..The.fundamental.components.
of. a. laser. are. explained. in. the. terms. of. their. function. during.
laser.operation..As.much.progress.in.biomedical.optics.has.been.
enabled.by.nanosecond-. to. femtosecond-duration. laser.pulses,.
some. basic. concepts. of. pulsed. laser. operation. are. also. intro-
duced.. Finally,. four. types. of. lasers—gas,. solid-state,. dye,. and.

semiconductor—are.described.and.differentiated..Some.specific.
examples.of.each.type.are.also.enumerated.in.the.context.of.rel-
evant.biomedical.applications.

Section.4.3.offers.a.complementary.discussion.of.devices.used.
to.measure.the.intensity.and.distribution.of.light..Photodiodes,.
photomultiplier. tubes. (PMTs),. and. arrayed. detectors. such. as.
charge.coupled.devices.(CCDs).lie.at.the.heart.of.all.schemes.to.
measure.properties.of.light,.even.in.more.complex.instruments,.
such.as.spectrometers.and.streak.cameras..Each.of.these.types.
of.detectors. is.described. in. terms.of. their.respective.operating.
principles,.unique.characteristics,.and.typical.applications.

Section.4.4.describes.how.exposure. to.optical. radiation.can.
trigger. adverse. effects. to. the. cells. and. tissue.. Depending. on.
optical.frequency,.power,.and.duration.of.exposure,.these.range.
from. photochemical,. thermal,. and. thermoacoustic. damage. in.
tissues,. to.photobleaching,.photodamage,.and.phototoxicity. in.
cells..Such.phenomena.are.discussed.in.order.to.provide.a.guide.
to.safe.and.effective.use.of.optical.radiation.in.biomedicine.

4.2 Light Sources

4.2.1 Introduction

Light.is.an.electromagnetic.wave..Although.the.region.of.major.
concern.in.optics.extends.from.the.infrared,.across.the.visible,.to.
the.ultraviolet,.it.is.only.a.small.portion.of.the.vast.electromag-
netic. spectrum,.as. shown. in.Figure.4.1..While.all. electromag-
netic.waves.are.of.the.same.fundamental.physical.phenomenon,.
the. particular. time,. length,. and. energy. scale. of. each. spectral.
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band. lead. to. some. specific. properties. that. differentiate. “light”.
from. the. shorter-wavelength. x-rays. and. gamma. rays,. as. well.
as. the. longer. microwaves. and. radio. waves,. when. propagation.
through.and.interaction.with.biological.tissues.are.considered.

4.2.1.1 X-rays and Gamma rays

The.application.of.x-rays.and.gamma.rays.in.medicine.is.associ-
ated.with.the.field.of.radiology.and.nuclear.medicine..Short.wave-
lengths.(<10−9.m).make.these.rays.less.prone.to.diffraction,.yielding.
a.ballistic.trajectory.through.biological.tissues—they.behave.more.
like.streams.of.particles.rather.than.propagating.waves..The.cor-
responding.high.oscillation.frequencies.(>1017.Hz).also.make.them.
deeply.penetrating,.with.minimal.absorption.and.scattering.in.less.
dense.materials..In.fact,.the.propensity.of.x-rays.to.pass.through.
soft. tissues,. but. with. different. transmission. coefficients,. is. what.
makes.them.so.useful.for.diagnostic.imaging..X-ray.projection.and.
computed.tomography.(CT).can.visualize.human.anatomy.using.
the. tissue-dependent. transmittance. as. contrast.. However,. when.
high-frequency.radiation.does.interact.with.tissues,.it.is.strongly.
ionizing—stripping. away. electrons. from. the. constituent. atoms.
and. molecules.. For. gamma. rays. in. particular,. this. destructive.
capacity.in.tissues.is.utilized.in.applications.such.as.antimicrobial.
sterilization.and.the.treatment.of.cancerous.tumors..Gamma.rays,.
at.very.low.radiation.level,.are.used.in.positron.emission.tomog-
raphy. (PET). and. single-photon. emission. computer. tomography.
(SPECT),.widely.used.clinical.imaging.modalities.

4.2.1.2 Microwaves and radiowaves

Microwaves. and. radio. waves. lie. at. the. other. end. of. the. elec-
tromagnetic. spectrum.. These. low. frequency. waves. also. inter-
act.weakly.with.biological. tissues. leading. to.deep.penetration..
Preparation.of.tissue.with.a.strong.magnetic.field.allows.radio.
waves.to.yield.images.with.high.contrast.between.different.tissue.
types. through. magnetic. resonance. imaging. (MRI).. Although.
they.are.nonionizing,.radio.frequency.and.microwave.radiation.
can.induce.localized.heating.in.tissues,.and.are.thus.useful.for.
some.surgical.interventions.

4.2.1.3 Infrared, Visible, and Ultraviolet Light

Light,. from. infrared. to. visible. and. ultraviolet,. occupies. a.
window. of. particular. relevance. in. biomedical. applications..

Electromagnetic. waves. at. these. optical. frequencies. are. easily.
collected.into.beams,.directed,.and.focused.using.mirrors.and.
lenses..Light.interacts.in.a.number.of.ways.with.biological.speci-
mens. and. can. yield. a. wealth. of. information.. Absorption. and.
scattering. limit. the. penetration. of. light. in. tissues. but. provide.
good.contrast.to.reveal.detailed.structures.down.to.the.cellular.
and.subcellular. level..Specialized.optical.components.can.also.
be.used.to.visualize.changes.in.the.properties.of. light,.such.as.
phase.and.polarization,.as. it. is. transmitted. through.a. sample..
Photons.of.ultraviolet.light,.as.well.as.the.shorter.wavelengths.of.
visible.light,.carry.just.the.right.energy.to.induce.the.phenom-
ena. of. fluorescence.. Particular. molecules,. whether. introduced.
(exogenous).or.intrinsic.(endogenous).to.the.tissue,.convert.short.
wavelength.light.to.longer.wavelengths.of.a.particular.signature,.
simultaneously.revealing.both.their.presence.and.identity.

In.general,.light.is.produced.by.the.energy-level.transitions.of.
atomic.electrons..As.electrons.leap.down.from.more.energetic.to.
less.energetic.states,.the.energy.difference.is.emitted.as.photons.of.
light..Very.large.energy.gaps.correspond.to.high-frequency.ultra-
violet.light..Smaller.electronic.transitions.yield.visible.light..Low-
frequency.infrared.light.is.produced.by.even.closer.transitions,.or.
by.changes.in.molecular.vibrational.and.rotational.states.

4.2.1.4 the Sun as a Light Source

The. sun. is. the. most. universally. accessible. source. of. light.. The.
heat.of.the.sun.generates.a.spectral.pattern.that.approximately.
follows. blackbody. radiation. at. a. temperature. of. about. 5800.K.
(see. Figure. 4.2).. Peak. emission. is. in. the. region. from. 400. to.
750.nm,.corresponding.to.the.human.visual.range.

Sunlight. was. a. convenient. and. ubiquitous. source. of. illumi-
nation. during. the. development. of. the. microscope—the. earliest.
technology. to. harness. light. in. studying. biological. tissues.. The.
sun.provided.bright.light.and.its.paraxial.rays.were.easy.to.col-
lect.and.focus..However,.obvious.limitations.such.as.inconsistent.
light.quality.and.availability.motivated.the.development.of.more.
controllable.light.sources..Over.the.past.century,.light.sources.and.
biomedical.applications.have.progressed.in.parallel..Technological.
innovations.in.light.sources.have.spurred.further.developments.
in.biomedical.applications,.while.ever.more.specialized.applica-
tions.have.inspired.more.sophisticated.new.sources.
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FIGURE  4.1 Electromagnetic.spectrum..The.upper.scale.presents.a.representative.wavelength.scale.for.each.class.of.electromagnetic.(EM).wave..
A.corresponding.frequency.scale. is.drawn.below.for.reference..It.should.be.noted.that.there.are.no.specific.boundaries.between.classes.of.EM.
waves..The.most.well-defined.region.would.be.for.visible.light,.usually.considered.between.400.and.750.nm.in.wavelength..Otherwise,.there.is.no.
particular.wavelength.that.separates.infrared.from.microwave.radiation.for.example.
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4.2.1.5 Man-Made Light Sources

Gas. discharge. and. incandescent. lamp. sources. were. initially.
introduced.as.proxies.for.the.incoherent.radiation.provided.by.
the.sun,.but.providing.more.consistent.control.and.availability.
of. light.. These. devices. remain. efficient. work. horses. for. many.
applications,. particularly. in. microscopy. and. spectroscopy..
However,.it.was.the.introduction.of.laser.light.sources.that.rev-
olutionized. the.field.of.biomedical.optics..Novel.properties.of.
coherent. laser. light. opened. new. avenues. of. interrogation. and.
interaction.with.biological.tissues..As.laser.systems.continue.to.
advance.not.only. in.capability,.but.also. in.ease.of.use,.optical.
techniques.become.more.important.and.more.pervasive.in.the.
practice.of.medicine..Man-made. light. sources.may.be.catego-
rized.into.two.classes:.nonlasers.and.lasers,.as.described.in.the.
following.sections.

4.2.2 Nonlaser Sources

4.2.2.1 High-Pressure arc Lamps

High-pressure. arc. lamps. generate. high. intensity. quasi-contin-
uum.spectra.ranging.from.the.ultraviolet.to.near-infrared..A.gas.
(typically.xenon,.mercury,.or.a.mixture.of.these).is.filled.into.a.
quartz.envelope.with.two.tungsten.electrodes..An.applied.volt-
age. ionizes. the. gas. and. creates. a. bright. arc. between. the. elec-
trodes..The.electrical.current.driving.these.gas.discharge.lamps.
need.to.be.regulated.otherwise.they.would.quickly.burn.out..The.
output.power.of.commercially.available.high-pressure.arc.lamps.
ranges.from.a.few.watts.to.several.kilowatts.

The.xenon.arc.lamp.is.widely.used.as.a.steady.state.spectros-
copy.source.because.of.its.smooth.spectral.profile.between.250.
and.700.nm..Other.arc.lamps,.such.as.the.mercury-filled.variant,.
feature.prominent.spectral. lines.more.suitable. for.applications.

needing. single. wavelength. excitation.. Being. an. isotropic.
source,.the.emission.from.arc.lamps.is.usually.omnidirectional..
Parabolic. and. ellipsoidal. reflectors. may. be. used. to. collect. the.
generated.light.and.focus.it.to.a.sample.or.specimen.

4.2.2.2 Low-Pressure Vapor Lamps

Low-pressure.vapor.lamps.operate.via.gas.discharge.similar.to.
high-pressure.arc.lamps,.but.can.be.operated.with.less.complex.
power. supplies.. They. are. favored. as. high-intensity. sources. of.
stable. spectral. lines. as. each. elemental. gas. generates. a. known.
set.of.characteristic.lines..For.example,.a.low-pressure.mercury.
lamp.has.a.dominant.wavelength.peak.at.253.7.nm.as.well.as.a.
prominent.triplet.at.365.0/365.5/366.3.nm..Because.of.such.char-
acteristic.discrete.lines,.these.lamps.are.used.in.simple.filter.type.
spectrometers.and.also.serve.as.calibration.light.sources.

4.2.2.3 Incandescent Lamps

An. incandescent. lamp. generates. light. by. heating. a. metal. fila-
ment,.typically.tungsten..This.provides.a.continuous.blackbody.
radiation.spectrum.that.is.useful.for,.among.other.things,.inten-
sity. calibration. of. various. types. of. detectors. including. spec-
trometers..Incandescent.lamps.are.inexpensive.and.very.simple.
to. operate. with. no. external. regulating. requirements.. They. are.
very.convenient.sources.for.broadband.illumination.at.infrared.
to. visible. wavelengths.. However,. ultraviolet. output. from. these.
lamps.is.usually.very.low.

4.2.2.4 Light-Emitting Diodes

LEDs.are. solid-state,. semiconductor-based. light. sources..Light.
is. produced. via. electroluminescence. when. positive. and. nega-
tive. charge. carriers. recombine. at. a. semiconductor. junction..
Their. intrinsic. emission. is. close. to. monochromatic. and. wave-
length.is.determined.by.the.characteristic.energy.bandgap.of.the.
semiconductor.or.semiconductor.alloy.used..The.range.of.avail-
able. wavelengths. from. LEDs. stretches. from. the. near-infrared.
(~1050.nm).to.the.ultraviolet.(UV).(~250.nm).and.continues.to.
be.expanded..The.addition.of.phosphors.and.integration.of.mul-
tiple.emitters. in.single.devices.have.also.made.broadband.and.
white-light.LEDs.possible.

Since.the.output.of.LEDs.can.be.modulated.at.high.frequen-
cies.(>100.MHz),. they.are.popular. light.sources. in.applications.
requiring. fast. response.. Additional. advantages. are. their. com-
pact.size.and.the. low.level.of.heat.generated.during.operation,.
which.render.them.well.suited.for.use.in.tight.spaces.and.poten-
tially.even.for.in.vivo.use..Although.LEDs.are.very.energy.effi-
cient,. they.are.still.unable.to.match.the.high.output.powers.of.
incandescent.lamps.and.arc.lamps.

4.2.3 Laser Sources

4.2.3.1 Properties of Lasers

Low-coherence. lamps. and. LEDs. are. useful. for. many. applica-
tions,. particularly. when. low. cost. and. simple. operation. are.
the. primary. concern.. However,. many. modern. techniques. in.

2.0

1.5

1.0

0.5

0.0
250 500 750 1000 1250 1500 1750 2000 2250 2500

Wavelength (nm)

Sunlight at the earth’s surface

Sunlight above the earth’s atmosphere

Sp
ec

tr
al

 ir
ra

di
an

ce
 (W

/m
2 .n

m
)

FIGURE 4.2 Spectral. profile. of. sunlight. above. the. Earth’s. atmo-
sphere.and.at.the.Earth’s.surface..The.difference.between.the.two.pro-
files.is.due.to.reflection.and.absorption.of.light.within.the.atmosphere,.
primarily. by. molecules. of. water,. oxygen,. and. carbon. dioxide.. (Based.
on. data. from. American. Society. for. Testing. and. Materials. (ASTM).
Terrestrial.Reference.Spectra.for.Photovoltaic.Performance.Evaluation,.
ASTM.G-173-03.)
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biomedical. optics. are. practical. only. when. applied. with. laser.
sources.due.to.several.important.characteristics.of.coherent.laser.
radiation.

4.2.3.1.1  Directionality

Directionality.is.the.most.immediately.evident.property.of.laser.
radiation.. While. light. from. incoherent. lamp. sources. tends. to.
spread. out. in. all. directions,. light. from. a. laser. propagates. as. a.
beam.along.a.particular.direction..Laser.beams.can.travel.long.
distances.with.little.loss.of.intensity.and.can.be.focused.into.very.
small.beam.spots,.limited.ultimately.by.diffraction..Tight.focus-
ing.is.essential.for.high.resolution.imaging,.such.as.in.confocal.
microscopy..Conservation.of.power.along.the.beam.also.means.
that.very.high.light.intensities.can.be.achieved.at.the.focal.spot..
This.property.is.key.to.achieving.practical.signal-to-noise.ratios.
in.many.biomedical.imaging.applications.

4.2.3.1.2  Monochromaticity

Monochromaticity.is.another.reason.lasers.appear.much.brighter.
than. typical. lamp.sources. for. the. same. total.output. power.. In.
general,. lasers. carry. power. over. a. very. narrow. spectral. span,.
as.opposed.to.broadband.sources.where.power.is.spread.over.a.
wider.range.of.wavelengths..This.spectral.concentration.is.very.
useful.for.techniques.that.require.selective.but.efficient.optical.
excitation.. Laser. hair. removal. is. a. specific. example.. Although.
“monochromatic”. implies. a. single. discrete. frequency. for. laser.
oscillation,.in.reality.all.lasers.posses.a.finite.spectral.bandwidth..
Some.lasers.even.operate.with.multiple.modes,.that.is,.multiple.
regularly.spaced.spectral.lines..A.laser.may.also.be.tunable.such.
that.the.emission.can.be.shifted.across.a.range.of.wavelengths.

4.2.3.1.3  Coherence

Coherence.refers.to.a.consistent.phase.relationship.between.dis-
tant.points.on.a.light.wave..In.practice,.coherence.is.determined.
by. observing. the. interference. patterns. of. overlapping. light.
waves.. Coherent. light. produces. sharp. contrast. between. dark.
and.bright.fringes..Fringes.produced.by.partially.coherent.light.
appear. washed. out. with. poor. contrast.. Completely. incoherent.
light.does.not.produce.any.interference.pattern.at.all.

We. differentiate. between. spatial. coherence. and. temporal.
coherence.. Spatial. coherence. compares. light. from. two. points.
spatially.separated.across.a.single.wavefront.of.light..The.maxi-
mum.separation.for.which.interference.can.still.be.observed.is.
called. the. spatial. coherence. length.. Temporal. coherence. com-
pares.two.sequential.points.along.a.wave.train..Coherence.time.
is.defined.as.the.maximum.time.interval.over.which.a.light.wave.
can.still.interfere.with.a.previous.segment.of.itself..Since.light.is.
a.traveling.wave.in.both.space.and.time,.coherence.time.is.often.
measured.as.an.equivalent.temporal.coherence.length.

Lasers. can. have. spatial. and. temporal. coherence. lengths.
reaching.several.meters..In.contrast,.light.from.an.incandescent.
lamp.has.coherence.lengths.in.the.order.of.just.a.few.microm-
eters..Coherent.laser.sources.enable.the.practical.application.of.
interferometry.and.holography.that.rely.on.the.diffraction.and.
interference. of. light.. Coherence. also. leads. to. the. formation. of.

randomly.distributed.bright.and.dark.interference.spots,.that.is,.
speckle,.when.laser.light.illuminates.an.extended.area..Speckle.is.
often.considered.undesirable.noise.in.imaging.applications,.but.
may.sometimes.be.utilized.to.reveal.information.about.surfaces.

4.2.3.1.4  Short Pulse Duration

Lasers.may.operate. in.either.continuous.wave.(CW).or.pulsed.
modes.. A. CW. laser. operates. with. uniform. output. power. over.
time,. while. a. pulsed. laser. emits. light. in. a. sequence. of. short.
bursts..Pulsed.operation.can.be.advantageous.as.it.concentrates.
energy.into.a.short.window.of.time..This.allows.very.high.levels.
of. instantaneous. power. even. while. maintaining. modest. aver-
age.power..Ultrashort-pulsed.lasers.with.pulse.durations.in.the.
order.of.femtoseconds.(10−15.s).have.made.high-resolution.mul-
tiphoton.microscopy.techniques.practical..High-energy.pulsed.
lasers.also.enable.very.precise.surgical.procedures.through.very.
controlled.and.localized.ablation.of.tissue.

4.2.3.2 Fundamental Laser Components

Lasers.seem.to.come.in.a.boundless.variety.of.shapes,.sizes,.and.
materials—from.microchip-sized.semiconductor.lasers,.to.fiber.
lasers.tens.of.meters. long,.or.even.amplified.laser.systems.that.
can.fill.a.large.room..However,.regardless.of.the.specific.imple-
mentation,. there.are. three.basic.components. that.can.be. iden-
tified.in.any.operational.laser—the.gain.medium,.excitation.or.
pump.mechanism,.and.resonant.cavity..These.elements.are.dia-
grammed.schematically.in.Figure.4.3.

4.2.3.2.1  Gain Medium

Lasers. are. often. identified. by. specifying. the. gain. media,. for.
example,.a.helium–neon.(HeNe).laser,.or.a.neodymium:yttrium.
aluminum. garnet. (Nd:YAG). laser.. The. gain. medium,. alterna-
tively.referred. to.as. the.active.medium,. is.where. light.amplifi-
cation. takes.place..The.material.may.be.a. solid,. liquid,.or.gas..
The.electronic.energy-level.structure.of.a.material.determines.its.
emission. wavelengths. and. bandwidths;. thus. the. gain. medium.
partly.determines.the.central.wavelength.and.wavelength.span.
of. laser. emission.. Gas. media,. in. particular,. have. narrow. gain.
bandwidths.. They. amplify. light. over. a. very. narrow. spectral.
range.(<10−3.nm).and.are.practically.single-wavelength.sources..

Excitation mechanism

Pump
energy

Gain medium

Mirror

Resonant cavity

Partially
transmitting

mirror

Laser output

FIGURE 4.3 Fundamental. laser. components.. The. gain. medium,.
excitation.mechanism,.and.resonant.cavity.are.the.three.basic.compo-
nents.that.can.be.identified.in.any.operational.laser.
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Solid.and.liquid.materials.have.broad.gain.bandwidths.and.can.
support. lasing. action. over. much. wider. intervals.. Broad. band-
widths.enable.the.design.of.tunable.lasers.and.ultrashort-pulsed.
lasers.

4.2.3.2.2  Excitation Mechanism

Before.a.gain.medium.can.amplify.light,.atoms.in.the.material.
must. be. suitably. excited.. An. excitation. mechanism. is. needed.
to.pump.energy.into.the.gain.medium..This.energy.is.stored.by.
atoms.in.their.excited.state,.and.released.via.either.spontaneous.
or.stimulated.emission.as.the.atoms.relax.back.to.their.original.
ground.state.(see.Figure.4.4)..Excitation.may.be.through.electri-
cal.pumping,.such.as.when.injecting.an.electrical.current. into.
a.semiconductor.or.gaseous.gain.medium..Alternatively,.a.laser.
may. use. an. optical. pumping. scheme. where. the. gain. medium.
absorbs.light,.either.from.a.flash.lamp.or.another.laser,.and.con-
verts.it.to.a.different.wavelength.for.emission.

4.2.3.2.3  Resonant Cavity

Spontaneous. emission. from. an. excited. gain. medium. does. not.
posses. the. coherent. properties. of. laser. radiation.. A. resonant.
cavity. is. necessary. to. provide. optical. feedback. for. stimulated.
emission. to. take.place..Reintroducing.previously.emitted. light.
knocks. down. excited. atoms. back. to. the. ground. state.. These.
stimulated.transitions.emit.coherent.radiation.without.absorb-
ing. the. optical. feedback.. Thus,. the. incident. light. is. amplified,.
particularly. if. the. excitation. mechanism. has. induced. popula-
tion.inversion.in.the.gain.medium,.that.is,.there.are.more.atoms.

in.the.excited.state.than.the.ground.state..A.resonant.cavity.is.
typically.constructed.by.placing.the.gain.medium.between.two.
mirrors,. forming. a. Fabry–Perot. resonator.. The. resonator. may.
also. be. as. simple. as. the. cleaved. ends. of. a. semiconductor. gain.
medium..Other.configurations.for.optical.feedback.include.ring.
resonators.and.distributed.feedback.via.scattering.

Ultimately,. the. resonant. modes. of. the. cavity,. in. conjunc-
tion.with.the.gain.profile.of.the.active.medium,.determine.the.
wavelengths.at.which.a.laser.operates..This.is.referred.to.as.the.
longitudinal. modes. of. a. laser.. The. resonator. also. determines.
the  cross-sectional. profile,. or. transverse. modes,. of. the. laser.
beam..Most.often,.the.cavity.is.designed.to.produce.a.singular.
circular.lobe.of.the.fundamental.Gaussian.transverse.mode.

Some. laser. designs. may. also. feature. other. components. for.
expanded. functionality.. For. example,. modulators. can. be. used.
to.induce.pulsed.laser.operation..Spectral.filters.may.be.inserted.
to. control. the. specific. output. wavelength. in. a. tunable. laser..
However,. the. three. fundamental. components:. gain. medium,.
excitation.mechanism,.and.resonant.cavity.remain.the.defining.
parts.of.a.laser,.and.will.always.be.present.in.any.laser.system.

4.2.3.3 Pulsed Laser Operation

Many.biomedical.applications.require.coherent.light.to.be.deliv-
ered.as.a.series.of.laser.pulses..Depending.on.the.specific.appli-
cation. and. corresponding. power. density. requirements,. pulse.
durations.may.reach.as.short.as.several. femtoseconds.(10−15.s)..
Pulses. longer. than. a. few. microseconds. (10−6. s). are. easily. pro-
duced. by. directly. modulating. the. CW. output. of. a. laser. via.
mechanical,.electro-optic,.or.acousto-optic.shutter.mechanisms..
Shorter. pulse. durations,. in. the. order. of. nanoseconds. (10−9. s).
or. less,. require. more. specialized. laser. designs.. Two. important.
methods.for.generating.short.laser.pulses.are.Q-switching.and.
modelocking.

4.2.3.3.1  Q-Switching

Q-switched. lasers. produce. high-energy. pulses. that. range.
from.picoseconds. to.nanoseconds. in.duration.. In.preparation.
for.pulse. formation,.optical. feedback. is.prevented. in. the. laser.
cavity. by. an. absorbing. or. scattering. component.. The. reso-
nant.cavity.is.then.said.to.be.in.a.low-Q.state..Without.optical.
feedback,.energy.builds.up. in. the.gain.medium.as. there. is.no.
stimulated. emission. to. deplete. it.. When. the. gain. has. reached.
its. peak. level. (i.e.,. saturation),. a. high-Q. state. is. restored. by.
removing. the. source. of. loss.. Stimulated. emission. then. builds.
up.exponentially.while.the.stored.energy.in.the.gain.medium.is.
rapidly.depleted..The.result.is.an.optical.pulse.that.carries.the.
maximum.amount.of.energy.that.can.be.delivered.by.the.active.
medium..Pulse.energy.is.limited.by.the.excited.state.lifetime.of.
the.gain.medium..Longer.lifetimes.allow.more.energy.to.build.
up..Pulse.duration.is.limited.by.cavity.lifetime.which.measures.
the. time. it. takes. to. extract. energy. from. the. resonant. cavity..
Q-switched.lasers.typically.achieve.nanosecond.pulsewidths..In.
order.to.maximize.pulse.energy,.repetition.rates.of.Q-switched.
lasers.are.generally.kept.slow.such. that. the.gain.has.sufficient.
time.to.reach.saturation.

Atoms in the gain medium
naturally rest in a low-energy

ground state.

Gain medium

Optical or electrical excitation
pumps in energy that is stored
by atoms by entering into their

excited states.

Excited atoms can
spontaneously relax back to
the ground state and release

incoherent light in the process.

Returning previously
emitted light as optical
feedback also induces

the relaxation of excited
atoms. Here, emitted

light is coherent with the
stimulating incident light.

Excitation
Spontaneous

emission

Optical
feedback

Stimulated
emission

FIGURE  4.4 Fundamental.laser.operation..Optical.or.electrical.exci-
tation.provides.energy.that.is.stored.by.atoms.in.the.gain.medium..This.
energy.is.released.as.incoherent.light.through.spontaneous.emission,.or.
as.coherent.light.through.stimulated.emission.in.the.presence.of.optical.
feedback.
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4.2.3.3.2  Modelocking

Modelocking.can.produce.laser.pulses.from.several.picoseconds.
to.less.than.10.fs.in.width..Pulse.formation.in.modelocked.lasers.
can.be.interpreted.in.terms.of.interference.between.multiple.lon-
gitudinal.modes..The.greater.the.number.of.modes.involved.in.
the.interference,.the.shorter.the.resulting.pulses..Very.broad.gain.
bandwidth.is.thus.necessary.to.achieve.the.narrowest.pulses..The.
necessary. interference. can. only. occur. if. the. different. longitu-
dinal. laser.modes.maintain.a.fixed.phase.relationship.between.
themselves..This. is.not.an. inherent.behavior. in. lasers,.but.can.
be.induced.by.creating.modulation.sidebands.that.link,.that.is,.
lock,.adjacent.modes.to.each.other..The.modulation.frequency.is.
determined.by.the.round-trip.travel.time.of.pulses.circulating.in.
the.cavity,.typically.in.the.order.of.tens.of.megahertz.

4.2.3.4 types of Lasers

Lasers.can.be.broadly.categorized.according.to.the.type.of.gain.
media.they.utilize..The.most.generally.recognized.types.of.lasers.
are.gas,.dye,.solid-state,.and.semiconductor..Below,.some.basic.
properties.representative.of.each.type.are.described..These.are.
followed. by. some. specific. examples. of. laser. systems. with. par-
ticular.relevance.in.biomedical.applications.

4.2.3.4.1  Gas Lasers

Gas. lasers. principally. use. electric. current. discharge. as. an.
excitation.mechanism..Gas.molecules.receive.energy.via.colli-
sions.with.accelerating.electrons..Often,.a.mixture.of.gases. is.
used. in. the. gain. medium. to. improve. the. efficiency. of. energy.
transfer..However,. emissions.originate. from. just. a. single. spe-
cies..Different.gas.lasers.cover.a.wide.range.of.laser.wavelengths.
from. the. infrared,. across. the. visible,. and. into. the. ultraviolet..
Very. narrow. spectral. emission. profiles. are. an. important. dis-
tinguishing.property.gas.lasers.have.over.other.laser.types..The.
sparse.density.of.the.gaseous.medium.minimizes.perturbations.
to.the.internal.energy.levels.of.the.active.molecules..In.general,.
gas. lasers. are. also. quite. robust. against. thermal. damage. even.
when.operating.at.high.power. levels,. thanks. to. large.volumes.
of.gain.media.and.gas.flow.systems.that.allow.heat.to.dissipate.
quickly.

The.CO2.gas. laser.was.one.of. the.earliest. lasers. to.be.devel-
oped,. but. it. remains. relevant. even. today.. CO2. lasers. typically.
operate. between. at. 9.6. and. 10.6.μm. by. accessing. vibrational.
transitions.of.gaseous.CO2.molecules..High.efficiency.and.pow-
erful.output.levels—reaching.over.100.kW.in.CW.operation.and.
10.kJ.per.pulse. in.pulsed.operation—are. important.advantages.
of. this. type. of. laser.. The. strong. absorption. by. water. at. these.
wavelengths.make.the.CO2.laser.particularly.suited.for.applica-
tion.in.laser.surgery.and.other.photothermal.therapies.such.as.
skin.resurfacing.

The. HeNe. laser. has. long. served. as. a. convenient. source. of.
red. (632.8.nm). CW-laser. radiation. at. low. powers. (1–100.mW)..
Although. today. it. has. been. replaced. in. most. applications. by.
less.expensive.semiconductor. lasers.operating.at.similar.wave-
lengths,. this. lasers. still. maintains. one. key. advantage—long.

coherence. length..HeNe. lasers. remain. important. light. sources.
for.holography.and.interferometry.applications.

Excimer. lasers.are.a.class.of.gas. lasers. that.use.noble.gas.or.
noble.gas.halide.complexes.as.gain.media..The.term.excimer.is.
a.contraction.of.“excited.dimer”.that.describes.the.excited.state.
of.the.gain.medium..Some.specific.examples.of.this.type.include:.
xenon.fluoride.(351.nm),.xenon.chloride.(308.nm),.krypton.fluo-
ride.(248.nm),.and.argon.fluoride.(193.nm)..Pulsed.operation.at.
ultraviolet.wavelengths.is.characteristic.of.these.lasers..Typical.
pulse.durations.are.a.few.tens.of.nanoseconds.with.pulse.energy.
falling.between.0.2.and.1.0.J..The.combination.of.short.pulses,.
high. energy,. and. UV. wavelengths. make. excimer. lasers. useful.
for.highly.precise.surgical.procedures,.such.as.sculpting.the.sur-
face.of.the.cornea.to.correct.refractive.errors.in.vision..The.short.
UV.pulses.can.remove.very.small.amounts.of.tissue.in.a.highly.
controlled. fashion. without. any. damage. to. surrounding. areas..
However,.this.approach.is.only.suitable.for.exposed.surfaces.or.
those.accessible.with.an.endoscope.as.UV. light.does.not.pen-
etrate.very.far.into.tissue.

4.2.3.4.2  Solid-State Lasers

Solid-state.lasers.refer.specifically.to.lasers.where.the.gain.media.
are.metal-ion.dopants.in.crystalline.or.glass.host.materials..The.
dopants.may.be.rare-earth. ions.such.as.neodymium.(Nd).and.
erbium. (Er),. or. transition-metal. ions. like. titanium. (Ti). and.
chromium. (Cr).. These. lasers. are. optically. pumped. with. either.
flashlamps.or.other.laser.devices..Laser.emission.typically.cen-
ters. about. the. near-infrared. region,. although. some. solid-state.
lasers.may.emit.at.slightly.longer.infrared.wavelengths.(~2.μm)..
Gain.bandwidth.is.generally.broad.as.the.intrinsic.electric.field.
of.the.host.material.perturbs.the.electronic.energy.levels.of.the.
dopant. ions..Thus,. solid-state.gain.media.are.useful. for.build-
ing.tunable.lasers.and.pulsed.lasers.utilizing.either.Q-switching.
or. modelocking. mechanisms.. Depending. on. the. specific. host.
material.and.bulk.configuration.used,.solid-state.lasers.can.also.
be.designed.to.deliver.high.output.power.levels.

Erbium-.and.neodymium-based.lasers.are.popular.sources.for.
near-infrared.wavelengths.close.to.1.μm..Laser.emission.results.
from.electronic.transitions.in.the.dopant.ions,.but.energy.level.
perturbations.by.the.host.material.significantly.affect.the.emis-
sion.wavelength..For.example,.an.Nd:YAG.(Y3Al5O12).laser.will.
typically.operate.at.1.064.μm,.while.an.Nd:glass. laser.operates.
at. 1.054.μm.. The. Nd:YAG. is. a. popular. platform. for. producing.
Q-switched.pulses.because.of. its. long.excited. state. lifetime,.as.
well. as. the. good. mechanical. stability. and. thermal. conductiv-
ity. of. the. YAG. crystal. that. allow. it. to. withstand. high. energy.
pulses..Such.lasers.have.become.very.useful.for.photodisruption.
of. tissues. in. laser. surgery.. Erbium. shows. an. even. wider. host-
dependent.variation. of. lasing. wavelength..Er:YAG.output. is. at.
2.94.μm,.while.Er:glass.emission.centers.at.1.54.μm..The.longer.
wavelength.of.the.Er:YAG.laser.makes.it.very.useful.for.photo-
therapy.on.the.surface.of.the.skin.where.it.is.quickly.absorbed.by.
water.molecules.

Solid-state. lasers. doped. with. titanium. and. chromium. also.
operate. in. the. near-infrared,. but. are. distinguished. by. very.
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broad. gain. bandwidths,. ranging. from. 100. to. 400.nm.. The.
Ti:sapphire.(Ti:Al2O3).is.perhaps.the.most.widely.used.among.
these.types.of.lasers.today..It.may.be.configured.as.a.CW.laser.
tunable.from.700.to.980.nm,.or.as.a.modelocked.laser.capable.
of.producing.femtosecond.pulses..The.modelocked.Ti:sapphire.
laser. has. become. the. workhorse. for. multiphoton. microscopy.
as. its. wavelength. range. is. suitable. for. two-photon. excitation.
of. many. standard. fluorescent. dyes. and. fluorescent. proteins—
green. fluorescent. protein. (GFP). stands. out. among. these..
Cr.4+:Fosterite(Cr.4+:Mg2SiO4). is. another. significant. solid-state.
laser. of. this. type.. It. operates. around. 1.25.μm. and. provides.
deeper. tissue. penetration. compared. to. the. Ti:sapphire.. These.
broadband.solid-state.lasers.are.also.important.light.sources.for.
optical.coherence.tomography.

4.2.3.4.3  Dye Lasers

Dye.lasers.have.gain.media.that.consist.of.organic.dyes.dissolved.
in. a. liquid. such. as. ethyl. or. methyl. alcohol,. glycerol,. or. water..
These.dyes.exhibit.wide.emission.bands.across.the.visible.region,.
and. sometimes. stretching. into. near-infrared. wavelengths..
Similar. to. solid-state. lasers,. optical. pumping. is. also. achieved.
with.flashlamps.or.other.laser.sources..Tunable.laser.operation.
across. the. visible. wavelengths. is. an. important. feature. of. dye.
lasers,.and.it.is.broad.bandwidth.that.enables.pulsed.operation.
via.either.Q-switching.or.modelocking.

The. complex. and. potentially. hazardous. handling. of. liquid.
dyes. and. solvents. has. tended. to. limit. general. interest. in. dye.
lasers.for.applications.beyond.spectroscopic.studies.in.research.
laboratories..However,.the.ability.of.dye.lasers.to.produce.high.
energy.pulses.at.wavelengths.strongly.absorbed.by.hemoglobin.
has.been.proven.useful.in.the.treatment.of.vascular.lesions.and.
the.removal.of.scars.and.tattoos.from.the.skin.

4.2.3.4.4  Semiconductor Lasers

Semiconductor. lasers,.or. laser.diodes,.differ.significantly. from.
the. solid-state. lasers. described. above. in. terms. of. the. mecha-
nisms. for. excitation. and. emission.. Semiconductor. gain. media.
are.pumped.via.direct.injection.of.electrical.current..Electrons.
and. holes. are. delivered. from. opposite. sides. of. a. semiconduc-
tor. junction.. As. in. LEDs,. the. recombination. of. these. negative.
and.positive.charge.carriers.results.in.the.emission.of.light.at.an.
optical.frequency.proportional.to.the.semiconductor.band.gap..
Given. sufficient. current. density. and. optical. feedback,. stimu-
lated.emission.and.laser.action.take.place..Emission.bandwidths.
are.typically.broad,.with.center.wavelengths.in.the.red.to.near-
infrared. region.. More. recently. developed. wide. bandgap. semi-
conductor.lasers.with.blue-violet.wavelengths.have.also.become.
commercially.important.

Simple.operation,.physically.compact.and.robust.devices,.and.
low.cost.compared.to.other.lasers.are.among.the.advantages.that.
make.semiconductor. lasers.very.attractive.sources. for.applica-
tions.requiring.low.to.moderate.power.(i.e.,. from.milliwatts.to.
several. watts).. Significant. biomedical. applications. of. semicon-
ductor.lasers.range.from.laser.hair.removal.to.the.treatment.of.
macular.degeneration.and.retinopathy.in.the.eye.

4.3 Light Detectors

4.3.1 Introduction

The.vast.variety.of.light-sources.and.techniques.to.image,.inves-
tigate,.or.manipulate.biomedical.samples,.calls. for. light.detec-
tors. tailored. to. specific. requirements.. The. result. is. an. equally.
abundant.multitude.of.light.detection.schemes..But.at.the.heart.
of. these.schemes,. there.actually. lies. just.a.handful.of.different.
detector.device.types.

The. basic. functionality. of. most. light. detectors. is. the. same:.
They.make.use.of.interactions.between.radiation.and.matter.to.
convert.the.light.intensity.into.a.proportional.electrical.signal..
More. sophisticated. optical. detection. systems. allow. measure-
ments. of. various. other. properties. such. as. the. spatial,. spectral.
and. temporal. profile,. polarization,. and. phase. of. the. incident.
light..However,.such.systems.still.contain.simple.intensity.detec-
tors. as. their. basic. building. blocks.. The. most. common. among.
these. are. photodiodes. and. PMTs,. both. of. which. are. single.
channel.detectors. that.only.measure. light.at. a. single.point.. In.
order. to simultaneously.measure.a. spatial.distribution.of. light.
intensity,.an.arrayed.detector. is.necessary..CCDs.are. the.most.
common.example.of.these,.although.complementary.metal-oxide-
semiconductor.(CMOS).detectors.and.photodiode.or.PMT.arrays.
are.gradually.becoming.more.important.

4.3.2 Photodiodes

4.3.2.1 Principle of Operation

Photodiodes.are. solid-state.photodetectors. that.operate.on. the.
basis. of. the. internal. photoelectric. effect.. The. material. provid-
ing.the.sensitivity.to.incident.light.is.a.semiconductor..In.pure.
semiconductors,. the.electrons.fill.up.all.available.energy.states.
in.the.valence.band,.which.is.one.of.the.two.relevant.manifolds.
of.energetic.states.in.semiconductors..The.other.relevant.band,.
the.conductance.band,.is.separated.from.the.valence.band.by.the.
bandgap.and. is.higher. in.energy..At.room.temperature.and. in.
the.absence.of.any.light,.the.lack.of.any.unoccupied.states.in.the.
valence. band. means. that. the. semiconductor. cannot. support. a.
net.movement.of. charges.. It. then.has.a.very. low. (ideally. zero).
conductivity..Thus,.little.or.no.current.is.measured.if.one.applies.
an.electric.field.across.the.material..However,.incident.photons.
with.energies.larger.than.the.bandgap.can.excite.electrons.from.
the.valence.to.the.conduction.band.where.they.are.free.to.move..
This.results.in.an.increase.of.conductivity,.which.is.(over.a.cer-
tain. range). proportional. to. the. number. of. incident. photons..
Consequently,.the.application.of.an.electric.field.now.results.in.
a.measurable.current.that.is.proportional.to.the.number.of.the.
incident.photons.

Most.photodiodes.used.today.are.based.on.p–i–n.structures..
Here,.a. layer.of.an.intrinsic.semiconductor,.that.is,.a.semicon-
ductor. free.of.any. impurities,. is. sandwiched.between.a.p-.and.
an. n-doped. region.. In. these. doped. regions. a. defined. number.
of. mobile. holes. (p-doped). or. electrons. (n-doped). are. created.
by. adding. a. well-controlled. amount. of. impurities.. The. p–i–n.
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configuration.induces.a.permanent.electric.field.in.the.intrinsic.
region.of.the.structure.and.thus.facilitates.generation.of.a.photo-
induced.current,.even.if.no.external.electric.field.is.present..In.
this.short-circuit.or.photovoltaic.mode,.p–i–n.photodiodes.fea-
ture.low.noise.levels.(due.to.the.absence.of.significant.shot-noise,.
see.below).but.have.a. limited.response.time..Application.of.an.
external.voltage.(reverse-bias.mode).improves.the.response.time.
at.the.cost.of.increased.noise.(also.see.APDs.below).

The.bandgap.of.the.semiconductor.on.which.a.photodiode.is.
based.defines.the.wavelength.range.over.which.the.device.is.sen-
sitive..Photons.with.energies.below.the.bandgap.will.not.excite.
electrons. into. the. conductance. band. and. thus. will. not. gener-
ate.a.signal..Independent.of.its.energy,.one.photon.only.excites.
a.single.electron.in.a.conventional.photodiode..This.reduces.the.
response.(relative.to.the.incident.power).for.short.wavelengths.
and.usually.defines.the.lower.end.of.the.spectral.response.curve.
of.a.photodiode.

4.3.2.2 Characteristics and applications

Photodiodes. are. possibly. the. most. widely. used. photodetector.
today.. Among. them,. silicon-based. devices. are. the. most. com-
mon..The.prevalence.of. silicon. is.due. to. the.extreme.maturity.
of. the. silicon. technology,.which. is. the. result.of. some.50.years.
of.development..In.particular,.silicon.devices.are.relatively.low-
cost,. offer. linear. response,. are. very. rugged,. and. can. be. easily.
integrated.with.other.optical.and.electronic.components..Silicon.
photodiodes.can.be.used.to.detect.light.in.the.near.UV,.the.entire.
visible,.and.some.part.of.the.near.infrared.(NIR).region.of.the.
spectrum.. At. the. maximum. of. the. spectral. response. curve,.
which. is. located. at. around. 800.nm,. p–i–n. silicon. photodiodes.
can.have.a.quantum.efficiency.approaching.unity,.that.is,.nearly.
every.incident.photon.causes.excitation.and.subsequent.extrac-
tion.of.an.electron.

Silicon. photodiodes. feature. a. sharp. drop-off. in. spectral.
response. at. wavelengths. longer. than. 1.1.μm.. Thus,. alterna-
tive.materials.are.required.to.access.the.full.NIR.region.(0.75–
1.6.μm)..This.spectral.region.is.important.for.many.biomedical.
optical.techniques.since.most.biological.samples.show.relatively.
low.absorption.at.these.wavelengths..The.band.structure.of.ger-
manium. renders. photodiodes. based. on. this. material. sensitive.
to. light. with. wavelengths. up. to. 1.8.μm.. Good. response. in. the.
NIR. can. also. be. obtained. in. hetero-junction. structures. where.
the.p- and.the.n-type.part.of.the.diode.consists.of.different.mate-
rials,. for. example,. heterojunction. photodiodes. based. on. the.
semiconductor. alloys. InGaAsP. and. InP.. Such. devices. achieve.
a.quantum.efficiency.approaching.75%..Despite. the.significant.
progress.in.heterojunction.technology.over.recent.years,.the.use.
of.different.materials.in.one.detector.still.considerably.increases.
the.cost.of.manufacturing.

The. inherent. spectral. response. of. photodiodes. is. relatively.
broad..Various.coatings.and.filters.can.be.used.to.block.certain.
spectral.regions,.thereby.defining.a.narrow.range.of.wavelengths.
to. which. the. detector. is. sensitive.. In. addition,. anti-reflection.
coatings. are. routinely. employed. to. improve. the. sensitivity. of.
photodiodes.and.various.other.photodetectors.

In. reverse-bias. configuration,. p–i–n. type. photodiodes. can.
achieve.response.times.on.the.order.of.a.few.tens.of.picoseconds.
rendering. them. well. suited. for. the. detection. of. fast. processes.
provided.the.absolute.intensity.of.the.incident.light.is.sufficiently.
high.to.obtain.reliable.measurements..The.ultrafast.detection.of.
small.optical.signals.requires.more.sophisticated.metrology.

An. ideal. photodiode. generates. an. electrical. signal. that. is.
simply.proportional. to.the.optical. input..However,.even.in.the.
absence. of. light,. a. photodiode. will. generate. a. finite. electrical.
output,. referred. to.as.dark.current.. In.addition,.both. the.dark.
current. and. the. real. signal. will. have. a. random. component,.
known.as.noise..The.total.noise.level.is.a.superposition.of.differ-
ent.contributions..The.two.most.important.to.be.aware.of.are.the.
shot-noise.and.the.thermal.noise..The.presence.of.shot-noise.is.a.
direct.result.of.the.photon.nature.of.light..Each.incident.photon.
generates.a.tiny.signal.pulse..Even.for.a.constant.optical.signal.
the.incident.photon.stream.will.thus.have.random.fluctuations.
that.translate.into.electrical.noise.at.the.output.of.the.detector..
In. this.context,. the. term.shot-limited.noise. level. is. sometimes.
used.to.indicate.that.the.noise.of.the.output.signal.is.at.or.close.
to.this. fundamental. limit..Thermal.noise.results. from.random.
motion. of. charges. within. the. photodiode. and. can. be. reduced.
by. cooling. of. the. detector.. To. quantify. the. overall. noise. level.
for.a.photodiode.or.any.other.detector.or.detection.system,.one.
usually. quotes. the. noise. equivalent. power. (NEP).. The. NEP. is.
defined.as.the.radiant.power.of.an.incident.signal.that.results.in.
a.signal-to-noise.ratio.of.unity.at.the.detector.output..The.NEP.
is.measured.for.a.sinusoidally.modulated.input.signal.and.varies.
with.the.frequency.of.the.input.signal.

It.is.important.to.note.that.the.properties.of.nearly.all.semi-
conductor-based. photodetectors. significantly. depend. on. tem-
perature.. We. have. already. seen. that. the. noise. level. increases.
with.temperature.and.that.cooling.of.the.photodiode.might.be.
necessary. to. measure. small. signals.. However,. even. for. fairly.
large.signals.an.active.temperature.control.might.be.required.to.
ensure.repeatable.measurements.if.the.photodiode.is.used.in.an.
environment.with.significant.temperature.variation..In.addition,.
external.mechanical.stress.may.considerably.increase.the.noise.
level. and. electromagnetic. interference. (EMI). can. constitute. a.
serious.source.of.noise.that.calls.for.measures.to.protect.the.pho-
todiode,.for.example,.by.shielding.or.adequate.packaging.

4.3.2.3 avalanche Photodiodes

Photodiodes.that.are.designed.for.operation.at.a.high.reverse.bias.
(usually.50–300.V).are.known.as.avalanche.photodiodes.(APDs)..
The.reverse.bias.generates.a.high.electric.field.inside.the.photo-
diode.that.accelerates.the.photo-generated.charges..Collision.of.
these.accelerated.(primary).charges.with.the.crystal.lattice.leads.
to. ionization,.which. in. turn.generates.secondary.electron-hole.
pairs..In.a.chain.reaction.(avalanche.process),. these.secondary.
charges.are. then.also.accelerated.and. thus.generate.additional.
charge. by. further. ionization. processes.. Depending. on. the.
reverse.bias,.avalanche.ionization.amplifies.the.photocurrent.by.
50.to.several.100.times..One.usually.refers.to.this.amplification.
as.the.gain.or.multiplication.factor.of.the.APD.
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If.the.reverse-bias.is.too.high.(i.e..above.the.breakdown.volt-
age),. the. arrival. of. just. a. single. photon. triggers. a. continuing.
avalanche.process.(Geiger.mode)..While.this.is.useful.for.single-
photon.counting.experiments.and.allows.measuring.the.arrival.
of.a.single.photon.with.high.time.resolution.(≤50.ps),.the.reset.
required.to.stop.the.avalanche.process.results.in.a.dead.time.of.
approximately.50.ns..One.can.therefore.not.use.the.Geiger.mode.
when.dealing.with.large.optical.signals.or.considerable.amounts.
of.background.light.

Both,.the.breakdown.voltage.and.the.gain.are.strongly.tem-
perature. dependent.. In. addition,. if. the. APD. is. operated. close.
to.the.breakdown.voltage,.the.generated.photocurrent.itself.can.
lead. to. a. significant. reduction. of. the. electric. field. in. the. ava-
lanche. region. of. the. device.. This. creates. an. unwanted. situa-
tion.in.which.the.photocurrent.is.not.proportional.to.the.input.
signal.

Due.to.high.gain.factors,.APDs.are.particularly.useful.when.
measuring. small. optical. signals. that. one. might. not. be. able. to.
detect. with. conventional. photodiodes.. However,. the. increased.
sensitivity.brings.in.some.limitations:.(1).operation.close.to.the.
breakdown.voltage.results.in.nonlinear.response;.(2).the.active.
area.of.APDs.is.very.limited.in.size.since.defects.in.the.crystal.
structure.and.strain.must.be.avoided.to.achieve.the.high.break-
down. voltages. required. for. an. efficient. avalanche. process;. (3).
the.noise.level.is.often.higher.than.in.conventional.photodiodes.
since. amplification. noise. constitutes. an. additional. source. of.
noise;.and.(4).the.readout.circuit.is.generally.more.complex.due.
to.the.need.for.a.high.operating.voltage.

4.3.3 Photomultiplier tubes

4.3.3.1 Principle of Operation

In. contrast. to. photodiodes,. photomultiplier. tubes. (PMTs).
employ. the. external. photoelectric. effect.. As. illustrated. in.
Figure. 4.5,. incident. photons. hit. a. photocathode. and. if. their.
energy. is. sufficiently. high,. extract. electrons. from. the. mate-
rial. by. ionization.. The. critical. energy. for. this. photoemission.
process.depends.on.the.photocathode.material:.Photoemission.

only.takes.place.if. the.energy.of.the.incident.photon.is.above.
the. work. function. W. of. the. photocathode. or. in. other. words.
if.the.wavelength.of.the.light.is.shorter.than.hc/W,.where.h.is.
Planck’s. constant. and. c. is. the. speed. of. light.. However,. even.
if. the. photons. provide. sufficient. energy,. electron-trapping. in.
the.bulk.of.the.photocathode.my.still.prevent.their.extraction..
Therefore,. the. quantum. efficiency. of. photoemission,. that. is,.
the.ratio.of.extracted.electrons.over. incident.photons,. is.well.
below.unity.in.real.devices..The.extracted.electrons.are.focused.
by.a.pair.of.electrodes.and.then.accelerated.toward.a.second-
ary.electrode,.or.dynode,.which.is.kept.at.an.attractive.electric.
potential.. Upon. impact,. each. incident. primary. electron. can.
extract. several. secondary. electrons. by. ionization. processes..
Using. again. a. drop. in. electric. potential,. the. secondary. elec-
trons.are.collected.by.a.third.electrode,.the.anode..The.flow.of.
electrons.from.photocathode.to.anode.gives.rise.to.a.photocur-
rent. that. forms. the.output. signal..The.components.of. a.PMT.
are.housed.in.a.vacuum.tube.to.allow.electrons.to.travel.over.
macroscopic.distances.once.they.have.been.extracted.from.the.
cathode.

4.3.3.2 Characteristics and applications

The.PMT.may.be.regarded.as.the.vacuum.analogue.of.the.APD..
However,.the.possibility.to.add.multiple.amplification.stages.by.
integrating.several.dynodes. (usually.between.6.and.14).allows.
substantially. higher. amplification. factors.. Depending. on. the.
voltage. drop. between. the. electrodes. and. the. number. of. dyn-
odes,. a. gain. between. 105. and. 108. can. be. achieved.. The. quan-
tum.efficiency.of.the.primary.photoemission.process,.however,.
is. considerably. lower. than. in. semiconductor. photodiodes..
Traditionally,. metals. and. metal. alloys—especially. alloys. of.
alkali.metals—have.been.used.as.photocathodes..Due.to.partial.
reflection.of.the.incident.light.and.trapping.of.electrons,.these.
electrodes. typically. have. quantum. efficiencies. around. 10%..
Today,.metal.photocathodes.have.been.complemented.by.semi-
conductor.alloy.cathodes.with. lower. reflectivity.and.quantum.
efficiency.up.to.30%.

As. with. photodiodes,. the. spectral. response. of. PMTs. is.
strongly. dependent. on. the. photocathode. material. used,. but. is.
also.influenced.by.the.transmission.profile.of.the.vacuum.tube’s.
glass. window.. PMTs. can. cover. the. UV. range. (down. to. about.
120.nm).and.the.entire.visible.part.of.the.spectrum..The.sensi-
tivity.of.most.PMTs.drops.sharply.at.wavelengths.above.1.μm,.
which.limits.their.application.in.the.IR..Exceptions.are.devices.
using. p-n-junction. photocathodes. based. on. InP/InGaAs. that.
provide.reasonable.sensitivity.up.to.1.6.μm.

Again.in.analogy.to.the.situation.for.APDs,.the.design.of.the.
peripheral.circuitry.required.to.operate.the.PMT.and.to.measure.
the.output.signal.is.not.trivial..The.overall.voltage.drop.between.
photocathode.and.anode.usually.ranges.between.500.and.3000.V.
and.a.set.of.voltage-dividing.resistors. is.required.to.adjust. the.
voltage. gradient. between. the. individual. elements. of. the. PMT..
Special.care.must.be. taken.to.avoid. introduction.of.additional.
noise. from. the. peripheral. circuitry.. For. instance,. improper.
selection.of.the.grounding.scheme.will.result.in.a.considerable.

Vacuum

Photon

D1 D3 D5

D6D4D2
Pc A

FIGURE 4.5 Schematic. illustration. of. a. photomultiplier. tube..
Incident. photons. extract. electrons. from. the. photocathode. (PC).. The.
electrons. are. accelerated. toward. the. first. dynode. (D1).. At. each. dyn-
ode.(D1.to.D6).the.incident.electrons.stimulate.emission.of.additional.
secondary.electrons..This.avalanche.process.results.in.the.buildup.of.a.
large.current.pulse.that.is.collected.at.the.anode.(A).
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increase.of.the.noise.level.and.can.even.cause.permanent.dam-
age.of.the.PMT..Depending.on.the.measurement.scheme,.PMTs.
can.be.used.to.either.measure.DC.or.AC.signals.or.can.be.oper-
ated.in.photon-counting.mode.

Assuming.an.appropriate.driving.circuit,.the.largest.source.of.
noise.in.PMTs.is.thermal.electron.extraction.from.the.photocath-
ode..This.effect.is.most.pronounced.for.materials.with.a.low.work.
function.since.the.chance.of.electron.extraction.by.thermal.fluc-
tuations.is.relatively.high.in.this.case..Vice.versa,.photocathodes.
with.high.work.function.and.sensitivity. in.the.UV.or.blue.end.
of.the.visible.spectrum.are.virtually. immune.to.thermal.noise..
Cooling.of.the.photocathode,.and.in.certain.cases.also.of.the.first.
dynode,.with.a.Peltier.element.generally.reduces.thermal.noise.

Additional.potential.sources.of.noise.include.external.electric.or.
magnetic.fields.that.will.distort.the.electron.trajectories.in.the.PMT..
The.strong.signal.amplification.in.PMTs.and.the.fact.that.PMTs.are.
usually.housed.in.evacuated.glass.or.quartz.tubes.also.means.that.
they.are.extremely.susceptible.to.stray.light..Therefore,.appropriate.
housing.and.shielding.are.particularly.important.for.PMTs..Often.
the.outer.surface.of.PMTs.is.coated.with.black.conductive.paint,.
also.referred.to.as.hydroxyapatite.HA.coating..“HA.coating”.is.a.
term.commonly.used.by.manufacturers.to.refer.to.black.conduc-
tive.paint.applied.to.the.outer.surface.of.the.PMT.glass.envelope.in.
order.to.reduce.noise..It.is.not.composed.of.hydroxyapatite.

Depending. on. the. dynode. geometry. the. signal rise time. of.
PMTs. varies. between. 1. and. 20.ns.. The. limiting. factor. is. the.
spread. in. electron. transit. time. that. results. from. the. fact. that.
electrons.follow.different.trajectories.on.their.way.from.the.pho-
tocathode.to.the.anode..Certain.dynode.designs.can.limit. this.
effect..However,.this.usually.comes.at.the.cost.an.overall.reduc-
tion. in. sensitivity. or. leads. to. reduced. uniformity. across. the.
active.area.of.the.photocathode.

4.3.3.3 Microchannel Plates

Microchannel.plates.(MCPs).are.a.refinement.of.the.PMT.con-
cept.and.offer.improvements.mainly.in.terms.of.response.time,.
compactness,. reduced. power. consumption,. and. lower. sensi-
tivity. to. magnetic. fields.. Instead. of. using. a. series. of. discrete.
dynodes,.MCPs.are.based.on.a.disc-shaped.array.of.capillaries.
with. diameters. in. the. 10-μm. range. and. lengths. on. the. order.
of.1.mm..The.inner.walls.of.the.capillaries.have.a.high.Ohmic.
resistance. coating.. If. a. voltage. is. applied. to. both. ends. of. the.
capillary,.a.gradient. in.electric.potential. is.generated.between.
one. end. and. the. other.. Primary. electrons. extracted. from. the.
photocathode.of. the.MCP.are.absorbed.by.the.capillary.array.
and. passed. toward. the. opposite. end.. Due. to. the. high. aspect.
ratio.of.the.capillaries,.these.electrons.impinge.on.the.capillary.
walls.multiple.times.and.thus.generate.an.avalanche.of.second-
ary.electrons.that.then.exits.the.capillary.at.the.opposite.end.

MCPs.can.achieve.a.temporal.resolution.(signal.rise time).on.
the.order.of.100.ps.since.all.electron.trajectories.inside.the.micro-
channel. array. are. nearly. parallel. and. thus. have. almost. equal.
lengths..In.addition,.the.absolute.path.lengths.are.much.shorter.
than.in.conventional.PMTs..Therefore,.all.electrons.have.a.similar.
transit.time,.which.is.a.principal.requirement.for.fast.response.

4.3.4 arrayed Detectors

The. photodetectors. discussed. so. far. are. single. element. detec-
tors..However,.biomedical.optics.often.requires. the.simultane-
ous.measurement.of.multiple.spatially.separated.optical.signals,.
for.example,.to.create.an.image.of.a.specimen.or.to.measure.the.
spectral.distribution.of.an.optical.signal..If.a.large.detector.array.
is.required,.as.it.is.the.case.for.image.generation,.detection.and.
read-out.should.be.integrated.on.a.single.chip..Separate.wiring.
of.discrete.detectors.would.be.impractical.in.terms.of.cost.and.
device.size.

4.3.4.1  Charge Coupled Device— Principle 
of Operation

A.very.common.detector.array.scheme.based.on.a.photodiode-
like.detection.principle.is.the.CCD..Instead.of.using.the.p–i–n.
diodes. described. before,. CCD. sensors. consist. of. an. array. of.
metal–oxide–semiconductor. (MOS). capacitors. as. photosensi-
tive.elements..These.structures.generate.and.store.an.amount.of.
charge.that.is.proportional.to.the.number.of.photons.collected.
since.the.detector.was.last.read-out,.which.means.that.CCD.chips.
are.integrating.detectors..During.the.measurement,.all.photoca-
pacitors. record. the. incident.optical. signal. simultaneously..The.
subsequent. read-out. of. the. charge. stored. in. each. capacitor. or.
pixel,. however,. is. a. sequential. process.. One. common. read-out.
scheme,.which.is.to.embed.charge.transfer.channels.under.each.
row.of.the.CCD.array,. is. illustrated.in.Figure.4.6..These.chan-
nels.consist.of.a.series.of.capacitors,.referred.to.as.wells,.each.of.
which. is.capable.of. storing. the.charge.generated.by.one.of. the.
pixels. during. exposure.. By. manipulating. the. voltage. applied.
to. these. wells,. the. generated. charge. can. be. transferred. along.
the.channel.and.is.eventually.collected.at.the.end.of.the.chan-
nel. by. an. amplifier.. The. spatial. origin. of. each. charge. package.
can.be.inferred.from.the.sequence.of.arrival,.which.ultimately.
allows.the.reconstruction.of.the.image..To.avoid.intermixing.of.
the.charge.packages.accumulated.in.neighboring.pixels,.at.least.
three.wells.are.required.for.every.pixel.

4.3.4.2 Characteristics and applications of CCDs

Most.CCD.chips.are.based.on.silicon.as.the.active.and.photosensi-
tive.material..Therefore,.they.achieve.good.sensitivity.in.the.visible.
and.near. IR. (≤1.μm).range.of. the. spectrum.with.quantum.effi-
ciencies.between.20%.and.40%..Conventional. front-illuminated.
CCDs. have. limited. sensitivity. in. the. UV. due. to. significant.
absorption.of.UV. light. in. the. top.electrodes.of. the.CCD.chip..
Good.UV.sensitivity.can.either.be.achieved.by.down-conversion.
of.the.UV.light.to.visible.wavelengths.using.phosphors.or.prefer-
ably.by.using.a.back-illumination.scheme..In.this.case,.the.wafer.
on.which.the.CCD.is.fabricated.is.back-thinned.so.that.the.light.
can. be. passed. to. the. photodetectors. on. the. chip. through. the.
backside.of. the.substrate..This.scheme.greatly.reduces.absorp-
tion.losses.and.yields.good.sensitivity.over.the.UV,.visible,.and.
near. IR.range.with.quantum.efficiency.between.50%.and.90%.
across.the.entire.spectral.range..CCD.chips.can.also.be.used.for.
direct.detection.of.x-rays..In.this.case,.the.generation.of.multiple.
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electron-hole.pairs.per.incident.photon.even.enables.determin-
ing.the.energy.of.the.incident.photons.

Like.conventional.photodiodes,.the.noise.generated.in.a.CCD.
chip.can.be.reduced.by.active.cooling..Sensitive.CCD.chips.are.
often. equipped. with. integrated. thermoelectric. (TE). coolers. to.
ensure.a.homogenous.and.constant.temperature.distribution.of.
the.chip.

The. dynamic. range. of. any. detector. is. defined. as. the. ratio.
between.the.largest.input.signal.that.can.be.measured.without.
saturating.the.detector.and.the.smallest.signal.that.can.be.distin-
guished.from.noise..The.dynamic.range.is.of.particular.impor-
tance.for.image.detectors.as.a.low.dynamic.range.will.reduce.the.
contrast.of. recorded. images..For.CCDs,. the.saturation. limit. is.
given.by.the.capacitance.of.the.wells.storing.the.photo-generated.
charge,.whereas.the.noise.limit.at.low.light.intensities.is.usually.
dominated.by.read-out.noise—at.least.if.the.device.is.TE-cooled..
Simple.CCDs.typically.have.an.8.bit.dynamic.range,.that.is,.the.
saturation. level. is. 256. times. larger. than. the. noise. level.. More.
sophisticated.devices.can.reach.dynamic.ranges.of.up.to.16.bit.
or.65,000..The.dynamic.range.must.not.be.confused.with.the.bit-
depth,.which.refers.to.the.number.of.digitization.steps.provided.
by.the.analogue-to-digital.converter.(ADC).on.the.chip..Ideally,.
the.bit-depth.should.be.equal.or.slightly.larger.than.the.dynamic.
range..However,.CCDs.with.bit-depths. that.greatly.exceed. the.
actual.dynamic.range.are.frequently.offered,.in.the.hope.that.the.
large.number.of.digitization.steps.gives.the.(false).impression.of.
a.large.dynamic.range.

CCD. image. sensors. were. developed. in. the. 1970s,. and. have.
since. then. been. tremendously. improved. with. regard. to. their.
dynamic. range,. sensitivity,. production. cost,. speed,. and. noise.
level.. Today,. they. have. replaced. many. other. imaging. sensors,.
including.the.photographic.film,.which.was.for.a.long.time.supe-
rior. to. electronic. image. detection. in. terms. of. dynamic. range,.
sensitivity,. and. cost.. In. addition,. electronic. imaging. schemes.
such. as. CCD. imaging. have. enabled. new. kinds. of. data. collec-
tion,.in.particular.by.allowing.continuous.data.acquisition.and.

convenient.image.analysis..It.is.worth.noting.that.compared.to.
other. technological. breakthroughs. mediated. by. the. semicon-
ductor.technology,.this.is.a.relatively.recent.advance.and.that.the.
widespread.use.of.high.quality.CCD.image.sensors.in.biomedi-
cal.labs.has.only.begun.some.15.years.ago.

4.3.4.3 CCD Spectrometers

Measurements.of. the. spectral. distribution. of. an.optical. signal.
can.often.provide.very.useful.information.about.the.composition.
or.state.of.a.specimen..Traditional.techniques.include.absorption.
and. fluorescence. spectroscopy,. but. Raman-spectroscopy. and.
various. time-resolved. and. nonlinear. spectroscopy. techniques.
have.complemented.these.methods.and.can.often.provide.addi-
tional.or.more.precise.information..Similar.to.the.situation.with.
CCD. image. sensors,. traditional. spectroscopic. measurement.
techniques.such.as.scanning.spectrometers.were.to.a.large.extent.
replaced.by.CCD-based.spectrometers.over.the.past.10–15.years..
In.addition,.CCD-based.systems.have.enabled.various.measure-
ments.that.have.not.been.possible.before,.as.their.fast.and.paral-
lel.data.acquisition.allows.the.measurement.of.rapidly.changing.
spectral.profiles.

Spectrometers. come. in. various. configurations. and. refine-
ments..A.typical.configuration.is.a.CCD-based.fiber.spectrom-
eter.that.consists.of.an.entrance.slit,.a.diffraction.grating,.and.
a.linear.CCD.detector.(see.Figure.4.7)..The.light.enters.through.
the.entrance.slit,.which.restricts.the.spatial.distribution.of.the.
incoming. light. to. a. narrow. line.. The. light. is. then. collimated.
and. passed. onto. the. diffraction. grating,. which. is. the. main.
functional.component.of.the.spectrometer..The.grating.reflects.
light. of. different. wavelengths. under. different. angles,. which.
enables. spatial. separation.of.different. spectral. components. in.
the. input. signal.. The. diffracted. light. is. subsequently. focused.
onto.the.CCD.detector,.which.consists.of.a.single.line.of.sensi-
tive. elements.. The. position. of. the. focus. on. the. CCD. detector.
depends.on.the.diffraction.angle.and.thus.on.the.wavelength.of.
the.incident.light..The.spectrometer.is.calibrated.using.a.light.
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FIGURE 4.6 Illustration.of.the.charge.transfer.mechanism.used.to.read.out.the.photo-generated.charge.from.a.CCD.detector..Incident.photons.
(hν).charge.the.photosensitive.capacitor..Application.of.a.voltage.to.line.V1.transfers.the.charges.to.one.of.the.three.wells.connected.to.each.pixel..
The.charge.is.transported.to.the.adjacent.well.when.line.V2.is.switched.on.and.V1.is.switched.off..The.charge.is.then.transferred.to.the.first.well.of.
the.neighboring.pixel.by.activation.of.line.V3..Repetitive.voltage.cycles.applied.to.V1,.V2,.and.V3.thus.transport.the.charge.generated.in.each.pixel.
along.the.channel.without.intermixing.charge.from.different.pixels.
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source.with.a.set.of.spectrally.narrow.emission.lines.at.known.
wavelengths.

In.addition.to.the.previously.discussed.general.performance.
parameters.of.photodetectors,.spectrometers.can.be.character-
ized. by. their. spectral. range. and. spectral. resolution.. The. first.
refers.to.the.wavelength.range.that.can.be.unambiguously.ana-
lyzed. with. a. spectrometer;. the. latter. describes. the. minimal.
wavelength.difference.of.two.spectral.lines.that.can.be.resolved..
It. is. technologically. challenging. to. combine. a. large. spectral.
range.and.a.high.spectral.resolution.in.one.device..In.addition,.
improving.the.spectral.resolution.usually.reduces.the.sensitivity.
of. the. spectrometer..The.optimal. trade-off.between. these.con-
flicting. performance. parameters. therefore. depends. very. much.
on.the.intended.application..For.instance,.Raman.spectroscopy.
requires. excellent. spectral. resolution. and. high. sensitivity. but.
only.a.limited.spectral.range..By.contrast,.a.low.spectral.resolu-
tion.is.often.acceptable.for.fluorescence.spectroscopy.since.the.
fluorescence.spectra.of.many.dyes.used.in.biomedical.optics.are.
spectrally.broad.

4.3.4.4  Complementary Metal–Oxide–
Semiconductor Detectors

CMOS.is.an.alternative.technology.to.integrate.light.measure-
ment.and.read-out.for.a.large.array.of.detectors.on.a.single.chip..
Instead.of.using.charge.collecting.wells.and.a.charge. transfer.
process. to. transfer. the. information. about. the. light. intensity,.
each  pixel. of. a. CMOS. sensor. comprises. a. separate. circuit. to.
process.and.digitize. the.signal.before. transferring. the.data. to.
the.output.interface.of.the.chip..This.scheme.adds.complexity.
to  the. design. of. the. chip. and. sacrifices. uniformity. of. detec-
tion. and. fill-factor. (i.e.,. the. fraction. of. the. chip. surface. that.
is. light. sensitive).. In. the. past,. these. issues. prevented. fabrica-
tion. of. CMOS-based. image. sensors. with. acceptable. perfor-
mance.. Advances. in. the. CMOS. process. technology,. however,.

have. resulted. in. a. rediscovery. of. the. CMOS. sensor. concept.
over. recent. years.. The. CMOS. concept. is. very. attractive. since.
the.required.process. technology. is.widely.used. in.other.fields.
of.the.electronics.industry,.which.offers.the.potential.of.lower.
production.cost..In.addition,.the.use.of.standard.semiconduc-
tor. technology. also. enables. integration. of. image. processing.
functions.on.the.chip,.which.reduces.the.complexity.of.off-chip.
circuitry.. Finally,. CMOS. sensors. usually. consume. less. power.
than. comparable. CCD. chips.. While. many. of. these. features.
were. originally. thought. to. render. CMOS. sensors. particularly.
suitable.for.consumer.applications,.they.may.also.turn.out.use-
ful.for.biomedical.optics,.especially.in.high-throughput.experi-
ments.where.cost.is.often.a.limiting.factor.or.in.situations.where.
highly. integrated.electronics. (“camera.on.a. chip”). can.enable.
new. types. of. measurements.. Some. examples. are. endoscopes.
containing. ultraminiaturized. cameras. and. data. acquisition.
units,.which.are.often.also.single.use.

4.3.4.5 aPD and PMt arrays

Both. the. CCD. and. the. CMOS. sensor. can. be. regarded. as. an.
arrayed. version. of. conventional. photodiodes. combined. with.
an.efficient.read-out.scheme..Other.sensor.types,. in.particular.
APDs.and.PMTs,.are.also.available.as.arrays..However,.the.num-
ber. of. detectors. per. array. is. significantly. lower. in. these. cases.
due.to.technical.limitations..While.CCDs.and.CMOS.chips.with.
pixel. counts. in. excess. of. 107. are. commercially. available,. APD.
and.PMT.arrays.are.usually.limited.to.well.below.100.detectors..
Therefore,. they.cannot.be.directly.used. for. imaging..However,.
they. are. very. useful. to. simultaneously. collect. weak. optical.
signals. at. different. wavelengths,. as. required,. for. example,. in.
scanning. imaging. techniques. such. as. confocal. or. two-photon.
microscopy.

4.3.4.6 Intensified CCD Cameras

Intensified.CCD.cameras.can.be.used.to.perform.direct. imag-
ing.of.low-level.optical.signals..These.devices.are.a.combination.
of.a.MCP–PMT.and.a.sensitive.CCD.chip..The.optical.signal.is.
incident.on.the.front.surface.of.the.MCP.and.the.primary.elec-
trons.generated.at.the.photocathode.are.amplified.as.they.pass.
through. the. capillaries. of. the. MCP.. Instead. of. collecting. the.
photocurrent.across.the.MCP,.the.electrons.are.directed.toward.
a.phosphor.screen.at.the.output.facet.of.the.MCP.to.reconstruct.
the.spatial.distribution.of.the.input.signal..Due.to.the.large.gain.
of.the.MCP.(usually.≥105),.the.image.on.the.phosphor.screen.is.
orders.of.magnitude.brighter.and.can.therefore.be.recorded.with.
the.CCD.chip..The.spectral.response.of.intensified.CCD.cameras.
is. determined. by. the. response. of. the. photocathode.. Different.
cameras.with.a.range.of.photocathodes.covering.the.UV,.visible,.
and.NIR.are.available.today.

A. prominent. variant. of. the. intensified. CCD. camera. is. the.
streak.camera.that.can.measure.the.temporal.profile.of.fast.opti-
cal. signals. with. a. subpicosecond. time. resolution.. Since. streak.
cameras. can. measure. the. temporal. profile. of. many. channels.
simultaneously,. they. can. be. combined. with. a. spectrograph.
to. perform. ultrafast. spectroscopic. measurements.. As. shown.
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FIGURE 4.7 Schematic. illustration. of. a. crossed. Czerny-Turner.
CCD. spectrometer.. Light. enters. through. the. slit,. is. collimated. by. a.
first.mirror,.and.then.divided. into. its.spectral.components.by.a.dis-
persive.grating..The.focusing.mirror.creates.an.image.of.the.entrance.
slit.on.the.CCD.detector..Since.the.position.of.the.image.depends.on.
the.wavelength.of.the.light,.the.CCD.signal.yields.the.spectrum.of.the.
incident.light.
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in. Figure. 4.8,. a. voltage. ramp,. which. is. synchronized. with. the.
optical.signal,. is.applied.to.a.pair.of.additional.electrodes. that.
is.mounted. in.between.the.photocathode.and.the.actual.MCP..
Depending. on. their. arrival. time. at. the. detector,. the. primary.
electrons.generated.at.the.photocathode.are.exposed.to.a.differ-
ent.electric.field..Therefore,. they.are.deflected.by.different.dis-
tances,.impinge.on.the.MCP.at.different.positions,.and.are.thus.
laterally.resolved.on.the.CCD.chip.

4.4 Irradiation Guidelines

4.4.1 Introduction

The.common.intent.of.all. techniques.described.in.this.book.is.
to. use. the. interaction. of. light. with. tissue. or. cells. to. cure. and.
diagnose.diseases.or.to.understand.basic.biological.mechanisms..
However,.whenever.biological.tissue.or.living.cells.are.exposed.
to.optical.radiation,.adverse.processes.or.responses.can.be.trig-
gered.depending.on.the.nature.and.state.of.cells.and.tissue,.and.
most. importantly.depending.on.wavelength,.power,.and.dura-
tion.of.optical.exposure..In.this.section,.we.will.deal.with.such.
phenomena.to.provide.a.guide.to.safe.and.effective.use.of.optical.
radiation.in.biomedicine..In.the.process,.we.will.see.that.often.
times,.damage.mechanisms.have.been.turned.into.useful.tech-
nologies. to.gather.unique. information.or.devise.novel. therapy.
treatments.

4.4.2 radiation Effects at the tissue Level

In.this.section,.we.will.briefly.explain.the.harmful.phenomena.
that. may. occur. when. light. is. delivered. to. tissue.. Such. physi-
cal.mechanisms.are. the.basis. for. establishing.damage. thresh-
olds.for. light.applications..For.an.exact.calculation.of.damage.
thresholds.in.the.specific.circumstances.of.a.particular.experi-
mental. situation,. the. American. National. Standards. Institute.

(ANSI).publishes.exhaustive.guidelines.for.the.safe.use.of.lasers.
and.other.light.sources.both.in.clinical.and.in.research.settings.
(ANSI.2000).

4.4.2.1 Photochemical Damage

At. low. power. densities,. on. the. order. of. 1.W/cm2,. prolonged.
exposure. (>1.s). to. lasers. or. other. light. sources. can. cause.
unwanted.chemical.reactions.in.tissue.that.may.produce.dam-
age.identified.as.photochemical..If.a.tissue.component.is.excited.
by. high-energy. visible. radiation,. the. energy. released. upon.
de-excitation.may.split.a.bond.in.another.molecule.producing.
reactive.oxygen.species,.the.most.common.of.which.are.singlet.
oxygen,. hydrogen. peroxide,. hydroxyl. radicals,. and. other. free.
radicals..Reactive.oxygen.species.are.very.aggressive.and.very.
dangerous.to.tissue.especially.because.they.can.attack.and.break.
cell.membranes.

In.the.retina,. this.type.of.damage.is.particularly. interesting.
since. the. retina. is. devoted. to. visual. perception. and. transduc-
tion.of.photons. in.this.region,.yet. it. is.vulnerable. to.blue. light.
because.of.photooxidation.of.photoreceptors.and.lipofuscin.pig-
ments.in.the.retinal.pigment.epithelium.(Wu.et.al..2006,.Delori.
et.al..2007)..The.damage.threshold.associated.to.this.mechanism.
is.independent.of.exposure.duration.time,.although.for.very.long.
exposure.times.(>1.day).one.has.to.take.into.account.incipient.
repair.mechanisms.

4.4.2.2 UV-Induced risks

Ultraviolet. radiation.covers. the. spectral. range.of.180–400.nm,.
the.most.harmful.region.of.the.optical.spectrum.because.each.
photon. carries. sufficient. energy. (>3.eV). to. induce. molecular.
transitions.inside.a.cell..UV-induced.risks.are.more.significant.
than.any.other. radiation.given. the.ubiquitous.presence.of.UV.
in. sunlight.. A. significant. decrease. in. cell. viability. of. all. types.
has. been. reported. after. UV. irradiation,. even. moderate,. with.
evidence.suggesting.that.DNA.damage.is.the.primary.cause.of.
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FIGURE 4.8 Schematic.of.a.streak.camera.setup.for.ultrafast.spectroscopic.measurements..The.optical.signal.is.passed.through.a.spectrograph.
in.order.to.split.up.the.different.spectral.components.in.x-axis..The.photo.cathode.then.converts.the.optical.signal.into.electrons..The.streak.elec-
trodes.deflect.the.electrons.along.the.y-axis.by.different.amounts.depending.on.their.time.of.arrival..The.electron.signal.is.then.amplified.by.the.
microchannel.plate.and.converted.back.into.optical.information.by.a.phosphor.screen.that.is.coupled.to.a.sensitive.CCD.chip.


