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The useof light asa carrier of information hasbeenthe subject of discussionfor
marny sciertic papers. This approad has someunique features which distinguish
it from corverntional electronics. Theseare realizedin applications like telecomnu-
nications where the use of optical b ersand Electro-Optic samplingis the industry
standard.

Electro-Optic samplingemploys the \P ockels" or \Electro-Optic" e ect. Pockels
discovered that an electric eld applied to somecrystals changesthe birefringence
properties of the crystal, and hencethe polarization of light that propagatesthrough
it. By placing the crystal betweencrossedpolarizers,the transmitted light intensity
changesas a function of the applied eld.

We madethe rst Electro-Optical (EO) detection of a relativistic chargedparticle
beam, applying its Lorentz cortracted electric eld on an EO LiNbO3 crystal. The
resultedintensity modulation wasinitially reconstructedusing a fast photodiode and
a digital oscilloscog. The signalrise time was bandwidth limited (  90ps)from the
electronicsusedand a seriesof teststo establishour signal EO nature was performed.
In particular, the amplitude of the EO modulation wasfound to increasdinearly with

the chargeof the particle beamand decreasevith the optical beampath distancefrom



the charged particle beam. Also the signal polarity changedsign whenthe direction
of the applied electric eld wasreversed.

Next an optimized (for maximum modulation), zero bias, EO modulator was
constructed for use with the limited dynamic range of the Streak Camerafor the
rst non destructive, completely optical, detection of a charged particle beam. The
obsened signal may be an image of unexpected piezeelectrically generatedsound
waves that propagate at the X-axis of the LINbO; crystal. In sud a case,sound
waves generatedin the surface as well as inside the crystal, change the index of
refraction of the crystal through the photoelastic e ect and as a result a di raction
grating is createdwhich in turn causesBragg polarization e ects.

The EO technology holds promise for detectors of greatly improved spatial and

temporal resolution for singlerelativistic chargedparticles aswell as particle beams.
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Chapter 1

Introduction

1.1 Experimertal Tedniques

In recent years the operation of many free electron lasers (FELs) and other
accelerator-basedight source experimerts has required the production of increas-
ingly short (picosecondand sub-picosecond)relativistic electron bunches and the
concurrent dewelopmen of beam diagnostics. Sub-picoseconahargedparticle beam
diagnosticsrange from very simple, sud as an inexpensiwe thermal detector, to very
elaborate optical/electronic instrumerts, sud asthe most advancedStreak Cameras
(SC). This sectiondescritesthe most commonly usedbeamdiagnosticsand attempts
a feature comparisonof the Electro-Optic (EO) technique with the existing tech-

nigues.

1.2 Ultra-fast Beam Diagnostics

While there is a large number of excellen diagnosticsto measurethe shape and
duration of ultra-short laserpulses,very few alternative measurementechniquesexist
for short charged particle pulses.

The mostwidely usedtechnique employsthe coherent synchiotron radiation (CSR)
or the coheent transition radiation (CTR) exploiting the fact that short electron
bunchesradiate more coheren millimeter- and sub-millimeter-wave electromagnetic
radiation than longer bunches. Thus the electron buncdh length can be minimized in

an acceleratorsimply by adjusting the beam injection parameterswhile monitoring

1



the power of the CSR or CTR radiation.

An electronradiates with a wide spectrum whenit is bert through a dipole, the
so-calledsyndirotron radiation (SR). When the bunch length of the radiating electron
beamis short comparedto SR wavelength, the individual electronsradiate in phase
and the SR power becomesproportional to the squareof the number of electronsper
bunch (typical 10° to 10'9), the so-calledcoherem syndrotron radiation (CSR). The
sensitive dependenceof the CSR power on the bunch length can sene as the basis
for a non-invasive bund length monitor. The main shortcomingsof sud detector is
that it can be installed only after a beam dipole and that they cannot measurethe
longitudinal pro le directly. Therefore,the monitor needsto be calibrated againsta
precisemeasuremetjl].

Transition radiation (TR) is emitted whenchargedpatrticles passthrough a bound-
ary of two mediawith di erent dielectric constarts. The suddenchangeof the particle
boundary conditions causethem to radiate (TR) with the spectral power ertirely de-
pendert upon the degreeof coherency which strongly relatesto the beam size. For
radiation wavelengthslong comparedto the bunc length, the total eld createdby
the patrticles of the bunch is coherem and the total spectral energyis amplied by
the squareof the number of particles in the bunch. Coheren transition radiation
from buncdhed electronspassingthrough a metallic foil in vacuum has beenobsened
at millimeter and sub-millimeter wavelengths. This can be donein the time domain
with a streak camerabut this technique su ers from lossesof low-frequency elds
which limits the accuracyof the bundh shape. With a Michelsoninterferometer (see
Fig. 1), wherethe bund length can be accurately measuredbut reconstruction of

the particle distribution is not possiblebecausethe phaseinformation is lost when
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Figure 1. A setup for bunch length measuremen using transition radiation and a
Michelsoninterferometer.

the radiation intensity is measured[2 Also for beamsof a few picosecondn length,
the bunch length information is being mostly carried in the long wavelengthswhich
are strongly attenuated in the collection optics dueto nite aperture and acceptance
angles.

The spectrum and the angular distribution of CRT cananalyzedin the frequency
domain and by Fourier transforming it to time domain, we can obtain information
not only about the longitudinal and transversedistributions of electronsin the bunch
but also about the divergenceof the bunch [3]. This invasive method (seeFig. 2)
relies on the useof the Kramers-Kronig relations for the reconstruction processand
requiresan extrapolation of the measuredspectrum to zerofrequency Furthermore,
although an asymmetric pulse shape can be obtained, the method cannot distinguish
betweenthe leading edgeand the trailing edgeof the pulse.

Another method is the o -phase RF-accelerationwhich has been demonstrated



w4 ‘
Spectrometer < _MZ’)!

Figure 2. Shematic diagram of an experimert measuringCTR. W1,W2:Ti-foil win-
dow; W3:Al window; W4:quartz window; P:Al foil; M1: Al-foil mirror; M2:spherical
mirror; M3:plane mirror; BCM:beamcurrent monitor; BC:beamcatcher. The trajec-
tory of the beamis shavn by the dashedline.

to measurethe longitudinal density pro le of relativistic electron buncheswith sub-
picosecondime resolution[4]. The method requiresthat the last RF sectionisrun o -
phasesothat the accelerating eld is ramping up or down rapidly while a relativistic
electron bunch passegshrough. Electrons ertering the o -phase acceleratorsection
receive an energy incremen that variesin proportion to their time arrival. This
transformsthe beam'stemporal distribution into an energydistribution which canbe
obsenedin an energyspectrometer. In practice, the initial energyspreadof the beam

Epeam limits the time resolution of this techniqueto t= Epeam= ,where isthe
maximum available accelerationramp (in keV/ps). Howewer, with an additional beam
transformation from a longitudinally dispersive magnetsectionsud asa chicane,the
e ect of initial beam energy spread can be removed from the nal measuremen
Newertheless,this extra step makesthe measuremen cumbersomeand the o -phase
RF sectioninterfereswith normal beam operation and can only measurethe beam
pro le at oneparticular position in the beamline.

There are more facility-speci ¢ designslike a streak camerasystemwhich detects



the light pulsesgeneratedby the electronsat a chromaox target screencomplemered
by the addition of optical transition radiation (OTR) and Ce-doped YAG single-
crystal converters which was shovn to have a limiting resolution of about 1.6ps

FWHM[5] but they are of limited useand capability.

1.3 Free-SpaceElectro-Optic Sampling asa Beam Diagnostic

All the methods above have succeededh measuringsub-picosecondunch lengths,
but they are limited in their ability to obsene the bunch shape and most of them
are invasiwe techniques. On the other hand the electro-optic (EO) e ect hasall the
featuresthat onewould like to have for useasa sub-picoseconahargedparticle beam
diagnostic:

it hasan inherert femptosecondime resolution[§ 7],

it is a non-invasive technique and onecan construct a real-time feedba& system,

it haslinear responseto the applied electric eld so one can also measurenot
only the amourt of charge (that generateshe electric eld) but alsoit sign,

it can be usedin many beamlinepositions,

asan optical techniqueit hasall the advantagesof sud: low noise,small number
of expensive read-out systems, excellen electromagneticisolation, large frequency
response,etc.

Sincethe pioneeringexperimerts of Valdamanis[9 10| the useof EO e ect asa
measuringtechnique for fast time-domain measuremets of electric elds has been
proven to be powerful, and the idea of electro-optic sampling (EOS) was introduced.
Then free-spaceEOS wasintro ducedfor the detection of freely propagatingterahertz
(THz) beams[3 where time resolution of 20fs was reported[7]. The use of EOS

technique for acceleratorrelated applications like the measuremen of RF elds was



suggested[2lland performed[22 but not for the detection of chargedparticle beams.
The ideaof usingthe free-spac&EOS directly asa beamdiagnosticwas rst suggested
by Y. K. Semertzidis[1] and followed by others[12 13]. The rst free-spaceelectro-
optic detection of charged particle beam was reported by our group[14,15] and we
alsostudied it in detail[16].

Independertly of our work, an international collaboration has used free-space
electro-opticsamplingto resole the electric eld of a freeelectronlaserat the facility
FELIX[17], to samplethe electric eld of the transition radiation from an electron
beamexiting a beryllium window[18] and sampleelectronbeambunch in vacuum[19.

Another group from Rochester (NY) attempted to measurethe electric elds in-
ducedwhenrelativistic charged particles traversea structure, becauseof the change
in the boundary conditions of the electric eld, using the electro-optic sampling
technique[2Q . These electric elds are unavoidable in acceleratorsand they are
called wake elds.

In this dissertation, the theoretical badkground necessaryor the study of electro-
optic sampling will be set, next we descrike the experimertal setup, and nally we
discussthe results along with a glimpse of the future of this technique as we expect

it.



Chapter 2

Modulation of Optical Radiation

2.1 Introduction

In anisotropic media (materials whoseoptical properties depend on the direction
of propagation of light aswell asits polarization) the polarization (P) inducedby an
external electric eld (E) and the eld itself are not necessarilyparallel. Therefore,

instead of a simple scalarrelation betweenP and E we have

Py="0( 11 Ex+ 12Ey+ 13E;)
(2.1) Py="0( 21 Ex+ 2Ey+ 2E;)
P,="0o( s1Ex+ 3 Ey+ 33E;)

wherethe 3x3 array of the coe cients j is calledthe electric suseptibility tensor.
Their magnitudesdepend on the choice of the x, y and z axesrelative to the crystal
structure. Thus, it is always possibleto choosex, y and z in sud a way that the

o -diagonal elemens vanish, leaving

(2.2) Py ="0( 11 Ex); Py="o( 2Ey); P,="o( 33E;)

Thesedirections are called the principal dielectric axes of the crystal. The electric

displacemen vector D and the electric eld E are related as follows[49

(2.3) D="E+P

7



The above relation can be re-written usingthe Eqg. 2.1 and the dielectric permittivit y

tensor,de ned as"j = "o(1+ ), in tensornotation as
(24) D; = "ij Ej

whereli, | are the Cartesianindicesthat run from 1 to 3. Eadch term is summedover
all repeatedindicesaccordingto the Einstein sum convertion.
If we assumethat the medium is homogeneousnon-absorbingand magnetically

isotropic, the energydensity of the stored electric eld in the anisotropic medium is

1 1_.
Ue: EE D= §E| ijEj

1
= 5'&XE5+'ny§+'}zE§+ 2",EyE, + 2", ExE, + 2", E4Ey)

A principal axestransformation can be usedto diagonalizethe above equationto
2Ue: IIXX E)%+ Ilnyy2+ IIZZEZZ

where X, y, z symbols now refer to the principal dielectric axes. In this systemthe

dielectric tensoris diagonaland the energystored can be obtain using Eqg. (2.4)

D2 DJ  D?
(2'5) 2Ue"0 = n X + n Y + n £
X y z

where "y, the (relative) principle dielectric constarts. Just looking at the above
equation one can make the obvious remark that the constart energysurfacesin the

D spaceare ellipsoids. If we replaceD/ P 2U" o by + and de ne the principal indices

of refraction asn? = "; (i = x;y;z) the last equation can be re-written:
X2 2 Z2

(2.6) |
nZ nz n:

assumingthat no external electric eld is applied.



The ellipsoid is known asthe index ellipsoid or more rarely asthe optical indica-
trix. The index ellipsoid can be usedto nd the two indicesof refraction asseiated
with the two linearly and orthogonal polarized plane waves that propagate inside
the birefringert mediumin an arbitrary direction. In generalthe index ellipsoid is a

triaxial ellipsoid but any certral plane cross-sectioris an ellipse.

2.2 The Electro-Optic E ect

The Electro-Optic (EO) e ect is a changein the optical dielectric properties of a
medium in responseto an applied electric eld. The e ect is realizedas a changein
the index of refraction that can causechangesin the dimensionsand/or orientation
of the index ellipsoid.

The electro-optic e ect re ects the index of refraction dependenceon the distri-
bution of chargesin the medium. The application of an electric eld will result in
a re-distribution of the bond chargesand possibly a slight deformation of the ion
lattice. Thesedisplacemets createelectric dipoleswhosemacroscopicnanifestation
is the electric polarization P. The electro-optic coe cien ts are traditionally de ned

in terms of the impermeability tensor

by the following power series

(2.7) i (E)  §(0)=rij« Ex+ sju Ex E|

fik P+ Gjwi Pe Py

where E is the applied electric eld and P the polarization eld vector. The con-

starts rjj and f;j are the linear (or Pockels) electro-optic coe cien ts and the s;
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and gj i are the quadratic (or Kerr) coe cients. Higher order terms are neglected
becausethey are too small for most applications. The quadratic e ect was rst dis-
coveredby J.Kerr, in 1875[24, and F.Pockels studied the linear electro-optice ect in
1893[2%. The linear Pockelse ect existsonly in crystalsthat do not possessversion

symmetry[2G. The electro-optic coe cien ts are related by the following

lij k

0

fijk =

Sij kI
"« "™ o)

where"y, " are the principal optical dielectric constarts.

Gijk =

In the presenceof an electric eld, the equationof the index ellipsoid becomes[2B

1 1 1 1 1 1
(2.8) (ﬁ)l X% + (ﬁ)z y2+ (F)S 2+ 2(@)4 yz+ 2(@)5 XZ + 2(@)6 Xy =1

If we choosex, y and z to be parallel to the principal dielectric axesof the crystal

then with zeroapplied eld Eq. (2.8) must reduceto Eq. (2.6) and therefore

n?

1
(72

1 1
E=0 — (F)S E=0 — (ﬁ)e

)

E=0

In this form, the rj coe cients have 27 componerts that correspnd to the 27
componerts of the susceptibility tensor ;. From permutation relations it can be
shavn[27] that (ijk) is equivalert to (jik) and hencea reducedform of the electro-
optic tensor, rj , canbe used. This tensorcortains 18 elemetts (6x3 matrix) of which

marny are usually equalor idertically zeroowing to crystal symmetry properties. This
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allows us to rewrite the linear term of Eq. (2.7) in a matrix form as

( niz)l Fi1 ri2 ris
( niz)z Fo1 22 o3
E1
( niz)s M1 ra2 33
(2.9) = E,
( niz)4 M1 Ta2 Ta3
Es
( niz)s 51 Is2 [Is3
( niz)e le1 re2 le3

where using matrix multiplication onecan nd the impermeability tensorin the de-

sired direction. For example
1
(F)l =rnEr+rpEx+rigEs

This can be transformed to relate the changein index of refraction to the applied

electric eld asfollows

1 2 n;

)i =
n2 n3

rij Ej = (
assuming n; n; asis usually the case.Thus we obtain the most commonelectro-

optic relation

1
(2.10) n= Snrg E

Two valuesofr;; arecommonlyspeci ed. If the crystal is at constart stress,or \free",
then the electro-optic coe cien t is denotedwith the superscript T, e.g r}

The \free" condition is exempli ed at low frequenciespelon acousticresonances,
where the elasto-optic and piezo-optic e ects can cortribute (look Fig. 1). If the
electro-optic coe cient is determined at constart strain, or \clamped”, then it is
written with the superscript S. rif’ is the value of the electro-opticcoe cien t obtained

in the RF regime,ie. betweenthe acousticand lattice resonances.
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Figure 1: Schematic illustration of the various coupling processegroducing the EO
coecients r', rS, andr®. In generalthesecoe cients can have any conbination of
relative magnitude and signs. For LiNbO3, ré and r™ accoun for 10% of the total
EO e ect eat [2§.

2.3 Electro-Optic Retardation

In the previoussectionswe saw that the application of an electric eld canchange
the index of refraction and hencethe index ellipsoid of certain materials. Now we will
seehow this changeof index ellipsoid can be usedto rotate the polarization state of
light waves.

Considernormal incidenceof coheren light on an electro-optic crystal of length

°, asin Fig. 2. At the input plane (z=0) we canresol\e the light into two orthogonal
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Figure 2: Light propagating at z-axisand polarization in 45° with respect the crystal
axes.

componerts polarized along x and y. With the application of an external electric
eld on the crystal, the index of refraction of x or y or both will change according
to Eq. (2.10). Thus, each componert will acquire a dierent phase( ) and the
phasedi erence betweenthe two componerts, at the output plane (z = ), is called

retardation () andis equalto[23]

2

! . .

where n isthe eld induced birefringence,! the frequencyof light and its wave-

length. This way, the state of polarization is altered from the input unlessthe retar-

dation is an integer multiple of 2 .

2.4 The Electro-Optic E ect in Uniaxial Crystals
In the generalcasewhere the three principal indicesn,, ny, n, are all di erent,
there are two optical axesand the material is called biaxial. In many optical materials

two of the principal indicesare equal,in which casethe Eq. (2.6) of the index ellipsoid
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simpli es to
X2 y2 Z2

(2.12) 2+

7 _:1
2 2 2
ng Ng ng

and the material is called uniaxial. The Eq. (2.12) is represeted graphicalin Fig. 3.

Figure 3: The index ellipsoid of a uniaxial material and its projectionsto z and X,y
planes.

One of the most widely useduniaxial electro-optic materials is Lithium Niobate
(LiNbO3). This ferroelectric material has a triagonal crystal structure (point group
3m) andis characterizedby large pyro-electric, piezo-electric,electro-opticand photo-
elastic coe cients. It is a syrthetic dielectric material that doesn't exist in nature.

Its electro-opticcoe cien t matrix for mirror plane perpendicularto x-axis (m? x)
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is
0 Moo I3
0 loa  ris
(2.13) ry = 0 0 e
0 rsg O
51 0 0
rr O 0
wherersy = rap, oo = 1o =  rg, and riz = roz. Thus, the EO e ect in lithium

niobate can be descriked by four independen coe cien ts (rs;r,,;ri3 and rsz) whose

valuesare listed in table 1:

Electro-Optical Coe cients of LINbO3z;  Indicesof Refraction[29] Pockels Coe cien ts

at 633nm,25°C (pm/V) at 1320nm  at 514nm at 633nm (pm/V)
rss = 288 ng = 2:24 ng = 2:337 ng rs = 3066
rs= 7.7 Ne= 214 ng= 2:239 n3ris = 926
r,= 34 n=47% n = 4:4% N3ra = 362

51 = g = 182 "3 = 28, "1=",=43 ng gy = 21885

Table 1: The optical and electro-optical properties of LINbO 3.

The index ellipsoid of LINbO3 in the general case of an applied electric eld

E = (Ex;Ey;Ey) is

1 1 1
[ r2Ey + rE X+ [+ rpEy+ rgEly? + [+ rE ]2’
n2 n2 n2

(214) + 2yZ 51 Ey+ 2XZ rs1 Ey 2xy roEy=1
The changesin orientation and length of the principal axesof the ellipsoid for all
propagation directions of the optical beam and for all directions of applied electric

eld are summarizednext and studied in detail in App endix A.



2.4.1 Summary of Electro-optic properties of LiINbO 3
Direction of Electric Field Electric Field Electric Field
Light Prop. | appliedin the direction of X -axis applied in the direction of ¥ -axis applied in the direction of Z-axis
X -axis = W = E'—,' [2(n + nd)rs; sin + njry] = E'--\,' (N3rzs  N3ris)
¥ -axis @ = E— (nd + nd)rs; sin2 @ = E— (N3ry;  2ndrsy sin ) = E— (N3ras  N3ris)
2-axis ® = 2 Ecr ndry, @ =2 Bt nd(ryp+rs sin ) =
Table 2: This table is a summary of the induced retardation by the electro-optic for all the casesof applied electric eld

and light propagation.
the wavelength of the light, ", the EO crystal dielectric

2rs1 Ey
+r122 Er

E}
om‘“
E}
LA

where ', is the e ective optical path length in the crystal,
constart and E, is the electric eld or E, = % in the caseof a transverseEO experimert in the lab whered is the plate

[\S]
I
o1
—
m

= 450

|
N‘H
:sN‘H

e

distancein the electric eld direction and V the applied voltage.
[1] The angleof rotation of the index ellipsoid around the R-axis is: tan2

no

[2] The angleof rotation of the index ellipsoid around the $-axis is: tan2
[3] The angle of the index ellipsoid around the 2-axis is independert of the electric eld and equalto:

oT
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2.5 Amplitude Modulation
In the previous sectionswe sawv how the EO e ect alters the polarization of the
light. This changein polarization can be corverted to an intensity changeby placing

the crystal betweencrossedinear polarizersas pictured at Fig. 4.

Figure 4: A typical electro-optic modulator.

Supposean x-cut LINbO 3 crystal is placedbetweenthe two crossedoolarizersand
the electric eld appliedto the direction of the z-axis. The polarization of the input
light is at an anglewith respect the axesof the crystal and assumefor simplicity that
the angleis 45°. Then, at the input crystal yz surface(at x=0) light will be analyzed
into two equal and in-phasecomponerts alongy and z axes. If there is no electric
eld appliedthen a static retardation will be acquiredbecausehe two axesnaturally
have di erent indicesof refraction. This is realizedasa DC light coming out of the
crossedpolarizer which would normally block all the light. But aswe sawv at section
2.3.1, for the time the electric eld is applied at z-axis,a eld induced retardation
is acquired by the light. So, upon emergingfrom the output facex = °, the y and

z componerts have a relative phaseshift (retardation) of radians, asshowvn at Eq.
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(A.3) on pagel22,and we may descrile them as

Ey() A
E.() = Ae'

The total eld emergingfrom the output of the crossedpolarizer (analyzer) is the

sum of the 45° componerts of Ey and E,
A .
Ess0 = p_ﬁ(e I 1)
that correspndsto an output intensity

| = E450 E 450

Ao’ DE 1= 2%
(e X )= 2A%sin" 5

The transmissionfactor (ratio of the output intensity to the input | =lg) is

|
2.15 — = sin* =
(2.15) B sin” 5

and is plotted in Fig. 5.
In the generalcasewherethe polarization of light is insertedwith an angle with
respect the axesof the crystal, the transmissionfactor of a EO setup betweencrossed

polarizersis

(2.16) 1. sin?(2 ) sin® =
lo 2

Usually the retardation is small, on the order of a few mrad, and we can safelyassume
that sin? s (3)? resulting a non-linear dependenceof our signal, to the electric eld.
Introducing a small misalignmen angle betweenthe polarizer and the analyzerit
ampli es the signal

lo

(2.17) = 2+ 2 s ( sin + cos)?
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Figure 5: Transmissionfactor of a crossedpolarized electro-optic modulator as a
function of applied voltage and retardance. A modulator is biasedat 50% intensity

transmissionpoint when o = 5.

but again the signalis not linear. To deducethe equation above one needsto make
useof JonesMatrices and is done analytically in App endix B.

In order to linearize our signal, we needto introduce a bias to the EO setup. A
modulator is usually biasedeither by applying a DC voltage to the crystal or usinga
naturally birefringert crystal to introducea phasedi erence | (retardation) between
the two componerts. For example,using a quarter wave plate (known alsoas QWP
or o= 3) with its axesparallel to the crystal axis (0° degreesmisalignmen) the
transmissionfactor becomes

- = 2+ ( + )% sin® ( sin + cos)?
0

2
(2.18) = 24+ 24 2+Z+ ) sin®  ( sin + cos )?
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and the last linear term of Eg. (2.18) dominatesthe signal. The equation above
was derived from Eq. 2.17 taking into accourt that the QWP introducesa bias of

o = 5. The sameresult can also be derived using Jonesmatrices but this is more
straightforward.

In bibliography there are two favorable operation points for using a modulator:

0 = 5 biasis calledthe 50% intensity transmissionpoint. As can be seenin
Fig. 5, it relocatesthe output at the linear region (within  1%) of the transmission
curve. This is usually accomplishedwith the useof a ;-plate (QWP) whosefunction
is to introduce an additional 90° phaseretardation in one of the componerts of the
beam so that in the absenceof the electric eld, the laser beam polarization will
be changedfrom linear to circular. The circularly polarized laserbeamwill then be
split by the analyzing polarizer into two beamswith equalintensity which is half the
intensity of the input beam. This puts the operating point at 50% optical bias.

o O biasis called the near zero transmissionpoint. As the name suggests,
the output (Fig. 5) is locatedat the beginningof the transmissioncurve which is also
linear for a much smaller region (comparedwith the caseabove).

The optimal bias point dependon the application alone. If the intensebadkground
produced when working on the 50% bias point is not an issue,then it is preferred
becauseof the big signal amplitude although the Modulation (the ratio of AC to DC
light) is very small. When the detection scheme requiresminimal badground light

or an optimized modulation, then the useof near zeropoint biasis preferred.

2.5.1 Amplitude Modulation at 50% Intensity TransmissionPoint
In order to bring our mathematical constructionscloserto a real experimert, we

must considerthe e ect of incompleteextinction ratio for the crossedpolarizersasis
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often the experimertal case. We de ne the extinction ratio ( ?) asthe ratio of the

minimum over the maximum transmitted light after the analyzer

(2.19) L

I max

When working in the 50%bias point, oneusesan x or y-cut LiINbO 3 crystal with the
light polarization at = 4%° with respect the z and x or y axis of the crystal sowe

will focusat this case.For = 4%, Eq. 2.18becomes

= 24 24 (24 4 (
+ 1)?
2.20 Cde 24 Ze(o4y LN
(2.20) 0 (z+) —
taking into accournt that is only a few tenths of mrad ( 1) so we can safely

ignore the very small 2 terms.

First nd the DC light exiting the analyzerwhenthere is no applied electric eld

( =0
2
(2.21) Ipc = lo( 2+ 2+1_6 ( +1)%)

and then the signal intensity (AC), the term that dependson the retardation and

thus on the applied electric eld is

(+1y

(222) IAC = |o 2

The modulation (MD) is the ratio of the AC over the DC intensity, and in this case
is

(+1y

4 24 24 = ( +1)

(2.23) MD = 1AC -
IDC
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In orderto nd the maximum modulation we have to nd rst the misalignmen
for which the modulation takesits maximum value:

@V D) _ ( +1) 2 2
@ 4 (24 Zeg (+1PP2

(2.24) ) max = 2 °

and the maximum modulation value for this caseis

(2 2+ 1)

2.25 MD = —
( ) max 4 242 4+1—Z @ 2+1)2

while the typical value for the extinction ratio ( ) in this caseis
(2.26) — 102 1

much smallerthan oneand it canbe safelyignoredto give an approximate maximum

modulation of

(2.27) MDmax = 7 = ) MDpax 102 (at max 19
1

5wl

since the retardation is typically a few tenths of mrad as we saw in the case of
LiNbO3(Table 1 on page124). Thus the maximum modulation is indeed very small
in the caseof 50% intensity transmission, as was pointed out earlier. Howewer, the
signal magnitude is the biggestone can possibly have, and this method is preferred

if the big badkground that accompanieghe signalis not an issue.

2.5.2 Amplitude Modulation at Near Zero Optical Bias Point
Taking into accournt the incomplete extinction ratio, the intensity of the light

exiting the analyzer,Eq. (2.15), becomes

(2.28) | = lo[ 2+ sin’( o+ )]
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where  is the bias we introduceto linearizethe e ect and is the electro-optically
induced retardation.
If the bias is small, we know that the retardation is small so we can use the

approximation

(2.29) Sif( o+ ) (ot )%= §+ 2+2,
and the equation (2.28) becomes

(2.30) | = 1o[ 2+ 2+ 242 ]

The DC level is the light intensity exiting the analyzerwhenthere no applied electric

eld ( = 0). In this caseit is

(2.31) loc = lo( 2+ )
and the signal intensity is

(2.32) lac = lo( 2+ 2 o)

The modulation (MD) in this caseis

2+ 2 0

It is clear that there is an optimum point to the above equation and we nd it by
taking the derivative of MD with respectto .
In general,the induced retardation is small and we can ignore the secondorder

term. Thus, we have:

MD 2( ? 2 P—
@@o) ) ((2+ %)(2)):0) omax) =+ 2

(2.34)
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and the modulation is maximum when the bias is equal to the squareroot of the

extinction ratio. Therefore,the maximum modulation valueis:

(2.35) MDpmax = p:2

The remarkableresult of the above equationis that the maximum modulation depends
linearly with the retardation (just like in the caseof 50% bias) but in this casewe
have an inverse squareroot dependencewith extinction ratio which makes all the
di erence. What it meansis that in an optical setup with very low extinction ratio,
we could actually amplify our maximum modulation.

In our analysis of the retardation expected from LINbOg3 for dierent optical
setups, we found that the maximum retardation is provided by a x,y-cut crystal
when the electric eld is applied at z-axis wherewe get (from Table 1 on page124)

=133mrad. Using this crystal orientation in an optical setup, the intrinsic (static)
birefringencecreatedfrom the di erence of the index of refraction betweenx,y and z
axis givesa high extinction ratio on the orderof 3 4 10 3. Now looking at the
caseof a z-cut crystal with the electric eld applied on x,y axis, we seefrom Table 6,
on pagel32,that we expect a retardation about 4 times smallerthan the previous
case,but now we avoid the intrinsic birefringencesincethe two axesx and y don't
have any di erence in the index of refraction. Implemerted in an optical setup, one
typically getsa very low extinction ratio in the orderofafew 3 4 10 4.
Using these numbers in Eq. 2.35,we nd for the caseof a z-cut crystal with

electric eld on x,y axis, the maximum modulation

3 4 103
(2.36) MDmax = P— ' P

— | W ) M Dmax 10 ! (at 0(max) 10)

which is about 1 order of magnitude biggerthan the caseof 50%bias. That of course
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is possibleonly using the appropriate setup of very low extinction ratio.
In order to study the caseof a non-negligible bias, we need a more general
approximation than Eq. (2.29). For that we will make useof trigopnometric identities

to conclude:

: 1 1 1 . .
(2.37) sin’( o+ ) = > écosZ( ot ) = §(1 COS2 o C0S2 + sin2 ¢ sin2)

When the retardation is small, we can replacethe sine and cosinewith the series

) 3 5
Sin = a"' a"'
2 4
cos =1 §+ E+
and Eq. (2.37) becomes
1 1 1
) + - - = + 2 - 4
sin“( ot ) > 2cosZ 0 cos2 o 3 cos2 o
. 2 4 . 2 .
(2.38) + sin2 o 3 3sin2 o+ I 5sin2 o

The DC light that exits the analyzerin this caseis:
(2.39) lpc = lo( 2+ sin® o)

and the signalintensity is:

lo
3

2

3 0 5

sin2 o+ sin2
°" 15 °

lac = 2c0s2 o 4cos2 o+ 1y sin2 o

lo

2lo
2.40 —
(2.40) 3

The modulation (MD) in this caseis:

MD = 2c0s2 ¢ % %cos2 o+ sin2 o £ 3sin2 g+ & ®sin2 o
2+ si?
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wherethe optimum modulation point is not so obvious. Taking again the derivative
of the MD with respectto o, and ignoring the higher-orderterms of retardation, we

nd that

1+42 2 PIx 2

2+ 8 2

(2.41) omax)  €O§ ]

A simulation of the modulation percernage for di erent extinction ratios and bias can

be seenin Fig. 6 for a retardation of = 1lmrad.

2.6 Acousto-Optics

Se\ernty oneyearshave passedsinceDebye and Sears[3Pand Lucasand Biquard[31]
obsened diraction of light by an ultrasonic wave propagating in an interaction
medium. Thesewerethe rst experimertal veri cations of the light-sound interaction
phenomenompredicted by Brillouin[32]. Sincethen, a greatnumber of theoretical and
experimertal studieshave beenperformedto understandthe phenomenon.The most
usefultheoretical treatment dating from the early stageof work appearedin a series
of papers written by Raman and Nath[32]. The simple phase-gratingtheory dewel-
oped by them explained well the multi-order diraction phenomenon,cortrary to
Brillouin's expectation. This phenomenonis obsened in the low-acoustic-frequency
region. Howewer it should be noted that the Raman-Nath theory can be applied only
to the casewherethe soundintensity is not so strong and the interaction length is
not solong, sud that at most ten ordersof di raction are obsened.

It was also obsened that when the frequencyof the acousticwave is raised, the
di raction to higher ordersis eliminated and, at certain anglesof light incidence,
energy exdhange between zeroth- and rst-order light beamsbecomepredominari.

This type of diraction, exactly the one predicted by Brillouin, was rst obsened
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Figure 6: Usingan retardation of = 1mrad, the expectedmodulation wassimulated
for both small valuesapproximation (seeEq. 2.33) (top plot) and exactsolution (see
Eg. 2.41) (bottom plot). With dierent lines are the samecalculationsfor di erent
extinction ratio.
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by Rytow[33]. This phenomenonis closely analogousto X-ray (Bragg) diraction

in crystals wherethe atomic planescausemultiple re ections of the incidernt electro-
magneticradiation that interfere constructively for certain critical angles.In acoustic
di raction, the role of the atomic planesis assumeddy planesof compressiorand rar-

efaction, induced by ultrasonic waves.

2.6.1 Theory

The interaction betweenthe light and the ultrasound can be treated by resolving
the di racted light into a seriesof plane waves. Theseideal planewavesare subject to
\spread functions" which are characteristic of the optical system. A generaltreatment
of the problem of ultrasonic di raction is discussedelsewhere[3}and only a brief

outline will be given here[35].

Figure 7: Geometry of the light-sound interaction.

Assume an acoustical wave is propagating in an optical medium in the y-axis
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direction and an optical wave is traversingthe samemedium in the z-axis direction,
asdepictedin Fig. 7. The optical wave equation which descrikesthe propagation of

the electric intensity can be written

_ n(y: v @E

2
(2.42) r 2E o

where c is the speedof light in free spaceand n(y;t) is the refractive index in the
region of interaction. We assumefor simplicity that the acoustic wave is a planar

traveling wave with sinusoidal vibration n(y;t) given by

(2.43) n(y;t) = n+ nsin( t Ky)

where n is the averagerefractive index of the medium and n is the amplitude of
the index change. The perturbed optical eld is periodic in time and spacewith the

acoustic eld, and it can be expandedinto the Fourier series

X

(2.44) E = En(z) exgjf(! + m)t ky, rg]
m=1

where

(2.45) Km r=k(zcosy ysin g + mKy

and E,(z) represets the amplitude of the mth diracted light with frequency of
I + m. Substituting Eg. (2.43-2.45) into Eq. (2.42) and neglecting secondorder

terms, we obtain a set of equations

dEn, . mK . ,
(2.46) dz + I(Emﬂ Em 1) = JCOS O(Sm o msin g)En
where
(2.47) = Kk nL

COS ¢



30

and

K
2.48 ' = —
( ) sin g K

Here k; is the free spaceoptical wave number and g is the Bragg angle in the
medium. The Bragg angle de nition Eg. (2.48) implies a momertum consenration
relation in which the frequencyshift of the diracted light beamis neglected[58
Looking at the secondterm of Eq. (2.46) left-hand side (Ihs), an amourt of energy
canonly be transferredbetweenthe mth and next or previousmode and that amourt
dependson the couplingcoe cient . This is a consequencef the assumedsinusoidal
form of the sound eld and not a generalresult. Thus for sinusoidal sound elds, an
appreciableamourt of light canbe transferredout of the zeroth order only if either or
both the coe cien ts of the right-hand side (rhs) of Eq. (2.46) are small for m= 1.
This can be accomplishedin either of the two ways:
by working at or near normal incidenceand having K or f small, or
by working at anglesof incidencecorrespndingto g with largef or K.
The former allows the light to be transferred not only from the zeroth to the rst
orders, but alsofrom the rst to the secondand soon. On the other hand, for large
frequenciesof the acousticwave f , light is transferred only to the rst order (Bragg

di raction).

2.6.2 Casel:Raman-Nath Di raction
In the rst extremecasewherethe acousticfrequencyis low , the term m sin g

in the rhs of Eq. (2.46) is neglectedand we obtain the solution

sin(K ztan (=2)
K Ltan ¢=2

1
(2.49) En(z) = exp EjmK ztan ¢ Jn
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where J,, is the Besselfunction of order m. The normalized intensity of the mth

di racted light at L is given by

sin
(2.50) Im = Em(L)Ep(L) = 32—
where
(2.51) = K LtanEO

and E, isthe complexconjugateof E,. The light intensitiesofthe rst fewdi raction

ordersare shavn in Fig. 8

Figure 8: Light Intensities of seweral Fraunhofer orders versusthe variable v=kn L
under Raman-Nath conditions. In the absenceof modulation (v=0) 100% of the
incidert light is found concenrated in the zeroth order, which is completelyquented
for v=2.4.
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2.6.3 Casell:Bragg Di raction
When the acousticfrequencyis raisedand ;' s, higher order di raction is
eliminated, and only two light beams,zeroth and rst order, becomepredominart.

In this case,for g closeto + g, Eg. (2.46) reducesto

dEo _
(2.52) e IEl
and
de; .2
: —+j—E; = —
(2:53) az TITE = B
where
(2.54) = KL(sin g sin g)=2cos ¢

Using the boundary conditionsEy(0) = 1 and E;(0) = 0the normalizedintensities

at z=L are

2
(2.55) ;=1 lg= 5 sin?
where

2
2.56 2 - 24, _
(2.56) 5

When = 0, the incident light beamsatis es the Bragg condition and Eq. (2.55)

reducesto a simple form

5 kf nL
2C0S g

(2.57) I, = sin? 5 = sin

In the interests of historical accuracythe light intensities of the zeroth and rst
ordersare plotted versusQ= % at Fig. 9. The valueof = waschosen,in which

casethe solutions predict that all light liesin the rst order.
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Figure 9: Zeroth and rst order light intensities versus Q at Bragg incidence for

2.7 Elasticity Theory

Under the in uence of external forces,the distancesseparatingthe di erent ma-
terial points in a medium becomemodi ed. It is then said that it has undergone
a \deformation”. Internal forcesknown as stresseswill dewelop opposing the defor-
mation of the solid body, and will tend to make it return to its initial shape and
volume. A material is said to be elastic when, asthe stressegeduceto zero, sodoes
the deformation, which, in this case,constitutes a reversible state in the solid body.

A material can be elastic up to a certain value of strain, and ceaseto be so
beyond that point. The relationship betweenstressesand strains for a given medium
inside the elastic limit candi er accordingto the intensity of the strain. When the

strains are weakenough,eat component of a stresstensoris linear and homogeneous
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function of all the componerts of the strain tensor. The set of all theserelations are

written compactly in tensor notation as follows:
(2.58) Ty = GusSu

This constitutes what is known asthe generalizedHooke's law, which is an extension
of the simple Hooke'slaw T = E @=@ with E being Young'smodulus. The setc;
constitutes a tensor of rank 4 known asthe sti ness tensor. If u is the displacemen
from equilibrium of the particle, the equation of motion of eaty material particle is

@ _ Gu

(2.59) a - @

The combination of the two equationsabove brings us to the set

(2.60) % - g ”%‘? 2
Thus a set of di erential equationsis obtained, which only involve the derivatives,
and which governsthe propagation of elastic waveswhich are alsoknown as aooustic
waves

There are two kinds of strains propagating in an elastic medium. The so-called
extensionalor longitudinal or compressionalstrain for which its polarization is along
the direction of propagation causinga displacemety 0 = cog! .t kay)¥, alongthe
direction of propagation (Fig. 10(b)) and the sher strain, for which polarization is
normal to the direction of propagation, causesa displacemeh 0 = cos( .t Kkyy)R

in that direction. Sincethere are two axesnormal to the propagation axis, there are

two shearstrains available (Fig. 10(a),(c)).
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Figure 10: Grid diagramsfor extensional(b)and shear(a,c)acousticwaves propagat-
ing along Y-axis.
2.8 Piezeelectricity

To descrike generationand propagationof piezcelectrically inducedacousticwaves

the set of wave equations(2.60) needsto include the piezcelectric source

@u s @ @

(2.61) & e e

@@j(%j Ex)

whereu; and Ey are the displacemen and the driving electric eld componerts, is

the material density, and e and cfj’lm

are the componernts of the piezcelectric and
the piezcelectrically sti ened elastic tensors,respectively. As far asthe piezcelectric
sti ening is concerned,t takesinto accour the electro-mebanical coupling between
the acousticand electric waves.

The sourceterms on the right side of equations(2.61) are given as the gradiert



36

of the piezcelectrically induced stresses.Due to the sharp drop of these stressesat
the boundary of the sampleit follows that signi cant sourcesof acoustic waves are
on the planefacesof the crystal sample. Howeer, the electric eld a ects the crystal
as a whole and bulk sound waves will also be created inside the crystal with the
application of the electric eld. In fact to create only surfacewaves, one needsto
apply the electric eld in speci ¢ resonancdrequenciesof the medium.

In a non-piezeelectric medium, the stressdependson the strain through the elastic
tensor as shavn in Eq. (2.58). In piezcelectric media, there appear supplemetary

stresscomponerts and the constitutive equationsof piezeelectricity are written

(2.62) Ti = GuSa & Ex

(2.63) Di ekiSk + ek Ex

The electric eld E andthe induction vector D must alsosatisfy Maxwell's equations.
Giventhat the acousticvelocities are much slowver than the velocity of electromagnetic
waves, the quasi-static approximation may be used, where the magnetic quartities

are consideredas zero

(2.64) r E = 0

(2.65) r D = 0

which for a plane wave are written

(2.66) E s = 0

(2.67) Ds = 0

wheres is a vector in the direction of the wave propagation. Applying the equations
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above to Eq. (2.63) onecande ne

€mij €nkl Sm Sn

(268) CQ = Gik T
I J pg Sp Sq

Whereq-?Im is the piezeelectric sti ening tensor that in piezcelectric media couples

stressand strain as follows:
(269) Tij = C,? Kl Ski

This leadsto a very interesting expressionthat couplesthe electric eld with the
strain in the following way

(2.70) E= somkiSmSd

pa Sp Sq

Considering the plane boundary conditions, plane-wave solutions are assumed.
With | = m = 1;2 or 3, three independen sets of one-dimensional,coupled wave
equations, represeting wavesthat are generatedon three pairs of opposite crystal

faces,arederived. From the plane-wave solutions,the componerts of the strain tensor

are calculated[37]

1 @I +@m

2.71 Sm = = —
( ) Im 2 @m @I
where @I, =@, is the gradiert in the direction x, of the displacemenh u,, projected

along the direction X,.

2.9 Photoelastic E ect
Supposethat a solid body undergaes a strain with componerts Sy, when under
the e ect of stress,which resultsin a changeof the refractive index. The e ect that

couplesthe medanical strain to the optical index of refraction is called photcelastic.
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This changeof index of refraction can be descriked in a tensor notation, analogous

with the electro-optical description as follows

1
(2.72) = =P kI Ski
j

where (1 =n?); is the changein the optical impermeability tensor and Sy, is the
strain tensor. Just like the EO e ect, there are higher order terms involving higher
powers of the strain tensor S, which are neglected,becausetheseare small compare
with the linear term which, unlike the EO e ect, is always presem and typically in
the orderof 10 °.

Sinceboth (1 :nz)ij and Sy, are symmetric tensors,the indicesi and j aswell as
k and | canbe permuted. The permutation symmetry of the strain-optic tensor, pjj x|
is idertical to that of the quadratic electro-optictensorand the abbreviatednotation

S; is derived from S, by the following rules:

Su = S
S = S
S;z = S3
253 = S
2531 = S5
251, = S

Notice the additional factor 2 in the abbreviation of what are often called \shear
strains" S; !  Sg. Equation (2.72) then becomes

1
(2.73) = = B S

n2
|
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It hasbeenshavn by Nelsonand Lax[38]that the formulation (2.73)is not su cien tly
generalto descrike all acousto-opticalphenomena.Speci cally the caseof shearwaves
in anisotropic mediais not coveredby the corvertional descriptionbut sincethat case
is not part of this study, the convertional descriptionis goingto be used.

The form, but not the magnitude, of the strain-optic coe cien ts p; canbederived

from the symmetry of the crystal and for the caseof LINbO; it takesthe form
0

1
P11 P2 Pz P O 0
Pz Pz Pz P O 0
Pz Pz Pz O 0 0
(2.74) Pj =
Par Psr O pag O 0
0 0 0 0 pau Pa1

0 0 0 0 pus %(pll P12)

The equation of the index ellipsoid in the presenceof a strain eld for a LiINbO3

crystal can now be written

1 1
Xz(ﬁ + P11S1+ P12Sy + P13Ss + PaSs) + yz(ﬁ + P12Sy+ puSe + P13Ss P1aSa)
0 0

1
+ Zz(p + P13Sy + P13Se + P33S3) + 2¥Z(ParS:  ParSz + PasSs)

e

1
+ 2ZX(P2aSs + Pa1Se) + 22Xy (P1aSs + é(pll P12)Se) = 1
2.10 Action of an Electric Field

In an optical mediumthat is both electro-opticand piezcelectric, like most electro-

optic media are, the changein the index of refraction causedby the electric eld is

(2.75) =P S o E

nz .
But we also know that in piezcelectric media, for certain directions s, there is a

simultaneouspropagationof a plane wave of deformation and of a longitudinal electric
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eld. The relation betweenthe strain S; and the electric eld (Eq. 2.70) can be re-

written as follows

(2.76) E- &S

pa Sp Sq

If we substitute the E by the above expressionto Eq. (2.75) we have

1
(2.77) 5 TS
|

where pi? is the photoelastic coe cien ts modi ed by the electro-optice ect and it is
given by

Fijk S S

(2.78) R kqus(?;q =

What Eq. (2.77) implies is that when a soundwave propagatesinside a photoelastic
medium, then a changein the index of refraction of the medium occurs. As can be
seenin Fig. 11, the passageof the sound wave in the medium producesan e ect

reminiscen of a di raction grating.

Figure 11: Index of refraction pro le in a medium where a sound wave propagates.
As canbe seenthe soundwave producesan e ect reminiscen of a di raction grating
in the medium.
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2.11 Piezcelectric GeneratedAcoustic Wavesin LINbO 3

Since LINbO3 is both a piezcelectric and an electro-optic medium, the elastic
tensor componerts are piezcelectrically sti ened (described at section 2.8) and the
photoelastic coe cients are modi ed by the electro-optic e ect (described at sec-
tion 2.10). That makesanalytical calculations cumbersomeand the use of software
simulations by a PC is preferred.

Optic-axes LINDO3 light modulator cuts, i.e. light propagating along the optic
axis of the sample,are preferredto others becausan this case,the light propagation
is not a ected by the natural birefringence. Howewer, light modulation in optic-axis
cuts (z-cut) may be considerablyin uenced by the strain-optic e ect of a variety of
acousticwaves generatedpiezcelectrically by electrical driving and this is the caseof

study in this section.

Figure 12: Acousto-Optic setup for generationand propagation of acousticwaves.

For a transversally driven optic-axis LINbO; setup, like the one shown in Fig.
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12, the only degreeof freedomis the orientation of the electric eld relative to the
lateral faces. For that reasonthe angle was de ned as the angle between the
crystallographic x-axis and the electric eld vector, E. A numerical analysis was
performed[39]taking into accourt the piezcelectric stiening of the elastic tensor
componerts and electro-optic correction of the elasto-optic coe cien ts accordingto
the actual propagation direction.

The results, presened in Fig. 13, shav that for ead pair of facesthree plane
acousticwaves, one extensional(C) and two shear(S; and S;) can be generatedwith
orientation-dependert amplitudes and velocities. Their velocities and induced bire-
fringenceare plotted in 2° stepsand the graphsmarked with DIRECT:1,2,3 represen
the electroded (X 1), the lateral (X,) and the aperture (X3 Z) faces,respectively.
Sincethe optic-axis of the LiNbO3 crystal is an axis of threefold symmetry, the ori-
ertation dependenceis given in the (0-12C) range.

The bulk acousticwavesgeneratedon the aperture (z-axis) facesis not of interest
for diraction modulation becausethe refractive index grating would be deweloped
along the light propagation direction and can only causea phasemodulation. The
highest birefringencewhich can causeamplitude modulation in an optic-axis cut is
the S; shearwave onthe x-axisat = 9P which correspndsto applying the electric
eld to the y-axis.

As one can seein Fig. 13, for = 0° the extensionalacoustic waves of both x
and y-axis do not induce any birefringenceand so doesthe S? shearwave of y-axis.
In this case,the small cortribution of S, shearwave can be ignored and one need
consideronly cortributions from S; and S2.

The velocity and induced birefringencefor all 9 piezcelectrically induced acoustic
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Figure 13: Two shear(S1,S2)and one extensional(C) acousticwaves can be piezo-
electrically generatedfor ead crystallographic axis in LINbO 3 [39.
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Cut and Acoustic Wave Velocity[39] Velocity[40] Induced Birefringenceat = Q°
Mode (m/s) (m/s) 1% (10 o)
X-E 6577 6572 0

X-Fast Shear 4782 4793 1.42
X-Slow Shear 4027 4079 0.41
Y-E 6800 6854 0
Y-Fast Shear 4500 4458 0
Y-Slow Shear 3967 3995 2.23
Z-E 7333 7316 0
Z-Shear 3583 3573 5.79
Z-Shear 3583 3573 0

Table 3: Acoustic wave velocities and induced photoelastic birefringencein LiNbO 3.

wavesare preserted in table 3, cited from various publications.

2.12 Bragg Polarization E ect

Standing-wave di raction modulators basedon the piezcelectrically inducedstrain-
optic e ect (PESO) have beenknown and implemerted for a long time [41]. Various
researbers[41 43 have demonstratedordersof magnitude reduction of the half-wave
voltage of an electro-optic modulator whendriven at piezcelectric resonan frequency
of the crystal. In cortrast to the convertional acousto-opticmodulators, the crystal
of sudh a PESO modulator senesas both the transducerand the resonancebody of
acousticwaves. Howewer, these modulators have not beenusedas practical devices
probably due to their non-uniform transmissionand the modulation at discrete and
relatively low frequenciesn the kHz range.

It is generally known[44] that Bragg di raction from a transverseacoustic wave
propagating in an anisotropic medium, has the property that the diracted light is
polarized at right anglesto the polarization of the incidernt light. Howeer, in Bragg

di raction there are two diracted light beams(one up-shifted and one down-shifted
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Figure 14: Bragg di raction from transverseacousticwaves.

in frequency),as can be seenin Fig. 14, and thesetwo are in anti-phase[4§ their po-
larization is mutually canceled.In that case,if the phaseof the carrier (undi racted
light) is changedby 90° with respect of that of the side bands,then amplitude mod-
ulation occurssincethe polarization doesn't cancelany more. Speci cally, a quarter-
wave plate oriented with one of its principal axesparallel to the polarization of the
incidert light, will causethe desired9( di erential phasedelay. For a completeinten-
sity modulation setup, an analyzer follows which transmits a common polarization
componert and nal demadulation takes placein a subsequen photodetector (see
Fig. 15).

Under certain conditions[45 47],this may happenewenin optically isotropic media
whenp;; 6 pro. A typical experimert which exhibits this \orthogonal” di raction in
an isotropic medium is shaovn in Fig. 15. A longitudinal soundwave (S;) travelsin
the X direction and the light is incidernt in approximately the Z direction (assumethe
Bragg angleto be very small in this experimert). It is polarizedin the X° direction
at 45° to the X and Y axes.

Considering the componerts E, and Ey, it is clear that dierent strain optic

coe cien ts must be appliedto their respective interactions. For examplein a LINbO 3
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Figure 15: Arrangemert for demadulation of the sampling light beam by meansof a
guarter-wave plate and an analyzer.

medium, from Eq. (2.75) it is readily seenthat py; appliesto Ex ( Ny = $n3p:u;Sy),
and p;, appliesto E, ( ny = 2n3p:»S;). Assumingweak Bragg di raction we nd,

from Eq. (2.57), that diracted light componeris are

1,
EO 2 ki S EyndppL

1.
EQ 7 ki S Exn3pnl

wherewe assumethat the interaction is su cien tly weakthat the sine function may
be replaced by its argumen. It is seenreadily that, with respect to the Y° and
X? axes, the componerts of the scattering light Eyxo and Eyo depend on py; + pig

( Nyo = %ng(p12+ pll)Sl) and P12 P11 ( Nyo = %ng(plz pll)Sl); reSFECtively.
0 ' l 2
Eyo gl K S Eong(pr2+ puo) L
1.
Exo g ki S Eong(pz Pur)lL
sothe diracted light hasboth polarization componeris presen.

Howewer, if a shearwave is used, the ordinary componert may be eliminated.

Thus if in Fig. 16 the soundis in the form of a shearwave with particle motion
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Figure 16: Coordinate system used in calculation of orthogonal di raction. The
incidert light Eq is polarized along X° and the light propagation is along Z. The
soundwave propagationis along X.

(polarization) in the Y direction (Sg) then, accordingto Eq. (2.75), the indicatrix
changesfrom a sphereto an ellipsoid with axesalong X% Y°and Z. Speci cally the

index ellipsoid is

X2 2
— + y—2 + Xy(pur P2)Ss = 1
o No
In order to make this an ellipse again we needto apply a rotation of = 45° about

the Z axis and we nd that

1
Nyo = an[pll P12]Se

1
an[pn P12]Se

(2.79) Nyo
It is now clearthat incidert light with polarization alongX® sud asshawn in Fig. 16,
will not giveriseto crosspolarization terms. Howe\er, if the incidert light is polarized

in the X or Y direction, the situation asregardsorthogonal di raction is analogous
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to the longitudinal wave with the light polarized along X% We nd, howewer, one
important di erence. Due to the opposite sign of the coe cien ts in equations(2.79)
the di racted light with polarization alongX cancelsand we are left with polarization
only along.

To summarizethe above argumert, in the caseof a shearwave (Sg) propagating
along the Y axis and incidert light propagating along the Z axis, with polarization
alongthe X axis, a di racted light beamis producedwhich propagatesalsoalongthe
Z axis, with polarization alongthe Y axis (90° to the undi racted light). Soewenin
an isotropic medium one can have \orthogonal” di raction if p;; 6 pi» Which is the
caseof a z-cut LiINbO3 crystal.

Thus, usinga z-cut LiNbO 3 in asetuplike the oneshavn in Fig. 15the polarization
e ects will causeamplitude modulation. The total light intensity arriving at the
photodiode is[48

z
(2.80) | = % S(r) lo(r) d |

whereC = n?pis astrain-optic constart, is the photodiode quartum e ciency, eis
the electroncharge, h is Planc's constart, andr is the point of light di raction in the
crystal. It isinterestingto note from Eq. (2.80) that the current | is a measureof the
total integrated peak changeof stored electromagneticenergywithin the interaction
region. In other words the sound eld is sampled,in amplitude and phase,with a
\probing™ function lo(r). Thus, the currert, |, represetts a moving amplitude image
of the sound eld within the probed area.

An experimertal veri cation of the above was performed[4§ using the arrange-
ment descriked in Fig. 15. Eight PZT transducerswere arrangedin a linear way

operating at 40MHz and the light beam was tightly focusedto much lessthan the
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sound wavelength. Thus, to scanthe sound eld, the acousto-opticmodulator was
medanically moving alongthe optic axis of the crystal. As canbeseenin Fig. 17,the
sound eld was successfullyscannedwith high resolution. The triple-p eaked appear-
anceof eatc soundbeamwas attributed to a near- eld characteristic in the region of

the focusedlight beam.

Figure 17: Experimertally determined sound eld distribution within the acousto-
optic modulator.
In conclusion,the experimert described above corroborates the theoretical pre-

dictions expressedn Eqg. 2.80.

2.13 Attenuation of Acoustic Wavesin LINbO;
The most generalway of introducing acousticlossinto the piezcelectric elastic
equationsis to derive a perturbation formula, in which the viscosit tensor jy; is

consideredas a perturbation of the elastic tensor and the dielectric lossestensor fj’o
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is consideredas a perturbation of the dielectric tensorin the following way

Gii = Gt ]! i

© 00
)

A generalexpressionfor the attenuation constan is then derived[4(

12 n %n(n e:nuM)?
2.81 = UMn: nuM+
( ) M 2 V3 n n I'(n 02 n)2

wherethe rst term is the componert of e ective viscosily tensor ¢+ arising from
elastic lossesdue to interactions of acousticand thermal phonons. The secondterm
represets dielectric lossesvia the piezcelectric coupling but this term is small com-
pared with acousticlosses.

The viscosily tensor, , hasthe samesymmetry asthe elastic tensor, ¢, soit has

six independen constarts for the crystal class3m where LINbO 3 belongs.

i=1 2 3 4 5 6
j=1 0.6547 0.2275 0.2499 -0.0687 0 0
j=2 0.2275 0.6547 0.2499 0.0687 0 0
j=3 0.2499 0.2499 0.3377 0 0 0
j=4 -0.0687 0.0687 O 0.1765 0 0
j=5 0 0 0 0 0.1765 -0.0687
j=6 0 0 0 0 -0.0687 0.2136

Table 4: The viscosity tensor of lithium niobate in units of 10 SN m ?s

When the valuesof e ective viscosily ., presettied in table 4, are substituted
in Eq. (2.81) along with the mode displacemets UM, we nd its valuesalong with

the attenuation constart for eat acousticwave.
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Cut and Acoustic Equation for ¢ of f o (dB/cm) 8%

Wave Mode (10 3SN'm 25) at 1 GHz
X-E 11 0.6760 0.8789
X-Fast Shear 0:9904 1, + 0:5689 44 + 0:4311 ¢¢ 0.2467 0.8169
X-Slow Shear 0:9904 14 + 0:4311 44 + 0:5689 ¢¢ 0.1229 0.6610
Y-E 0:9864 11 0:2316 14+ 0:0136 44 0.6399 0.7255
Y-Fast Shear 0:0136 11 + 0:2316 14 + 0:9864 4,4 0.1802 0.7416
Y-Slow Shear 66 0.2196 1.2546
Z-E 33 0.3455 0.3220

Table 5: Equation and calculation for the e ective viscosity ¢ and the attenuation
constart for ead acousticwave generatedin LINbO3; X and Z-axis.

Theseare postedin table 5, wherethe attenuation constart is givenat f

1GHz

but since their dependenceis quadratic in f ( ,  f?), one can scaleit to any

frequency Using that information, one can calculate the presenceof ead wave in

the crystal from the momen of creation. For example,let us calculate the time of

presencdor the X-axis fast shearwave inside a LINbO 3 crystal. From table 5 we nd

that the attenuation of that wave is

B
(2.82) 0:8169 f 2 d8
cm

wheredB is the decibel which is de ned as

|
dB = 20log =

I min

For a signal of dynamic range 20:1 (or 2000%modulation) Eq. 2.82becomes

f2 f?2
0:8169 26.02— = 21:26—
cm cm

and multiplying the above with the X-FS sound wave speed, found in table 3, to

transform spaceto time we get

f2 1 9:8210 8

m
(2.83) 21:26 4793— — ) 10188100°—)
seccm sec f2

Sec



52

which translates to 425pssignal duration for a 15.2GHz sound wave. Of coursewe
have to take into accoun the errorsin the measuremen of the attenuation of speed,
which the authors estimate about 10%, so that a soundwave of that frequencywill

have a presencdime in the range of 383-467ps.



Chapter 3

Useof the Electro-Optic E ect to Detect Charge Particle Beams

3.1 Introduction

When a chargedpatrticle is at restthen the electric eld is isotropically distributed
around the particle, as pictured in Fig. 1, but when the charged particle is in rela-
tivistic motion, then the electric eld cortracts, producing an anisotropically directed

radial eld, orthogonalto the chargedparticle propagationdirection[49.

Figure 1: Lines of electric eld for a particle at rest and in relativistic motion.

At relativistic speeds,when 1, the transverseelectric eld becomesequalto
times its non-relativistic value. Howewer, its duration is decreasedpy the same

factor, and the chargedparticle electric eld existsonly for a time

(3.1) tr

where r is the transverse distance from the charged particle path to the position

of measuremen of the electric eld, is the particle velocity and its relativistic

53
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kinematic factor. Soas increasesthe amplitude of the eld increasesn proportion,
but its duration decreasedy the sameproportion. The time integral of the elds

times is independer of velocity asone can seeat Fig. 2 .

Figure 2: The transverseand longitudinal electric eld of arelativistic moving charged
particle. The longitudinal electric eld hasa zerotime integral.

3.2 Detection of Relativistic ChargedParticles using the Electro-Optic E ect

In the previous chapter we sawv how we can usethe electric eld to changethe
index of refraction of an EO crystal and thusthe polarization of light. In the sameway
the electric eld of a relativistic charged particle can be usedas meansof detection
of a particle and time-resolved measuremets of chargedparticle beambunches. The

retardation in this casewould be

(3.2) i(t) = IE ni(t) = 2_

ni(t) -

where " is the length of the crystal in the direction of the laserbeampath , isthe

wavelength of the laserbeamand n;(t) is the time-dependert change of index of
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refraction in the i-th direction and is equalto

(33) W= S E

Experimental Setup

Input
Lens Lineailrly
Polarizer Polarized
- ﬂ 30m Polarization Maintaining Fiber !
A
Y
/
Charged Particle | .
Direction _field
direction
\
LiNbO3
Le \
Photodiode "8 Analyzer QW Plate

30m Multimode Fiber

Output
Elliptically
Polarized

Figure 3: An detection schemefor charged particles. It employs the transverse EO
e ect and the charged particle propagatesnormal to the crystal and the laser light
path.

A detectionsthemeusingthe EO e ect canbe employed asshavn in Fig. 3 shaws.
The laser light goesthrough a polarizer to ensurethat the light is linear polarized
and then it is coupled to a Polarization Maintaining (PM) b er (see App endix
C for more details). This way the light can be safely and easily directed on the

EO crystal which is placed underneath or above the charged particle path. This
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arrangemem implemerts what is called transverseEO e ect wherethe electric eld
from the charged particles is applied normal to the crystal and the direction of laser
light propagation. Then, accordingto Eq. 3.2, whenthe particle passest introduces
to the light aretardation which is corvertedto intensity modulation by an ellipsometer
placedright after the crystal. Then the light is coupledinto another PM b er to be
deliveredto a photodiode. The waveform is recordedusing a waveform digitizer.

There are many variations of the above chargedparticle detectionsthhemethat one
could employ like, for example,having many of them in seriesto monitor the particle
trajectory or coupling the light into the EO crystal using only lenses. One should
choosethe appropriate detection sdheme, evaluating the pros and consin relation to
the goalsof the experimertal setup.

Only by looking at equation (3.2), which descrikesthe EO induced retardation
at the crystal (from the chargedparticle), one can seesomeof the advantagesof this
method over the corvertional method described in section1.2:

The detection is not destructive to the charged particle. The particle passes
at a distancer from the EO crystal. As a result, a real time monitor and feedba&
system can be constructed. Of course,the electric eld magnitude also dependson
the distance and it drops very fast ( riz) so one needsto designthe experimertal
setup carefully.

The dependenceof the retardation on the electric eld is linear so both the
sign and the magnitude of the charge of a particle can be detectedor if the chargeis
known, then its radial distancer can be found.

It is an all-optical method, which meanslow noise (using a laser with noise

suppressiortircuit), and a low number of expensiwe electronicread-out systems,since
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ead signalcanbe delayed usinga low dispersionoptical b er (eg. singlemode), large

frequencyresponse,etc.

3.3 Measuring Temporal Pro le of ChargedParticle Beam Bunches
The electric eld induced inside the crystal by a charged particle beam, in the

appraximation of small beamdimensionscomparedwith distancefrom the crystal, is

1 Ngq
— T(t)

(3.4) M gy

where is the relativistic Lorentz factor, N the number of charged particles in the
beam,q the particle charge, T(t) the temporal chargedistribution, " the permittivit y
of free space,”; the dielectric constart of the EO crystal in the direction the electric
eld is applied, andr the radial distanceof the chargedparticle beamfrom the optical
beam.

Sincethe Coulomb eld of a relativistic chargedparticle beamis directed perpen-
dicular to the beamtrajectory, an electro-optic sensorcan be constructedto measure
its temporal pro le. As pictured in Fig. 4, an EO crystal is located betweenan ellip-
someter (this is the name given to a combination of a polarizer, quarter-wave plate
and analyzer) making a transverse EO modulator where the sensor(EO crystal) is
perpendicular both to the chargedparticle beampath and the laserbeam path.

But this electric eld is presen only for a limited time t (Eg. 3.1) and we know
that the retardation is induced only in the presenceof the electric eld, therefore,
instead of the length ~ (in Eqg. 3.2) we should usewhatewer is smaller:

The physical length (7) of the crystal in the direction of laserbeam path or

The e ective length ("¢+) which is the distancelight travelsinside the crystal
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Figure 4: The charged particle beams passabove an EO sensorconsistedfrom a
polarizer, EO Crystal, quarter wave plate and an analyzer.

during the time t the eld is presen and is given by
(3.5) eff =t —"' —

whereny is the index of refraction of the crystal in the direction of laserbeam prop-
agation and at the laserwavelengthin use.
Substituting (3.5), (3.4) and (3.3) to Eq. (3.2) gives

(t) - —énl I’” E(t) _n| r‘Ij 4 ||0 ||r rz nk

3.6 '
(3.6) 4 "o"rng

wheren; is the index of refraction in the direction of the applied electric eld.



59

Now it is interesting to take a momern to notice that in the equation above:

Thereisno dependencen the nal inducedretardation. Although the electric
eld of relativistic chargedparticlesincreaseduy the relativistic kinematic factor ( ),
its time duration decreasedy the samefactor and they canceleat other.

The linear dependenceof our signalwith the beamchargeQ. This makespossible
the detection of the sign of the particle beam charge along with its magnitude.

The inducedretardation hasa % dependenceand not the rlz dependenceof the
Coulonmb eld.

The ir dependencefavors the useof EO materials with small dielectric constart
(for exampleEO polymers).

As we discussedn Chapter 2 (section2.50n p. 17) the induced retardation (Eq.
3.6) needsto be converted to an intensity modulation which can be easily measured,
for example, by a photodiode and a waveform digitizer. Looking at Eq. 2.16, on
page 18, we realize that in order to obtain the highest intensity modulation, the
polarization hasto be at 45° with respect the axesof the crystal. Then we realized
that there are two methods to choosefrom: the electro-optic amplitude modulation
at 50% intensity transmissionpoint and the near zerooptical bias point. Depending
on the detection stheme,only one of the above methods is the optimum.

For examplea 0.5nCelectronbeam,2mm away from a LiINbO 3 crystal, will induce
a retardation which dependson the orientation of the crystal axes.

For a x or y-cut LiINbO3 crystal with the electric eld applied on the z-axisand

using a 514nmlaser

QT(t)

——~ = 492mrad
4"q". nr

(3.7) ()= (nrsz njri)

For a z-cut LINbO ; crystal with the electric eld applied on the x-axis and using
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a 514nmlaser

QT(t)

— = 19mrad
4"" . nr

(38) ( t) =2 (ngrzz)

The expected retardation is bigger when the electric eld is applied on the z-axis
but the external eld doesn't rotate the index ellipsoid so we have to rotate the
input polarization 45° with respect the axesof the crystal. In that casethe residual
birefringenceof LINbO ; degradeshe polarization purity down to about 5 10 2 so
that the useof near zero optical bias point is not the optimum. On the other hand,
the 50%intensity modulation method, which is discussedn detail in section2.5.10n
page20, givesin this casea maximum modulation in the orderof 10 ? (look at Eq.
2.270n page22). When the detection sthhemeis a photodiode with an oscilloscope,
then the biggestsignal is wanted and the huge dc that the signal is riding can be
ignored and applying the eld on the z-axis is the optimum case. But when using
instruments with limited dynamic range like CCD cameraor Streak Camera (SC),
then oneis looking for the biggestmodulation and applying the eld on the z-axisis
not favored.

Applying the external electric eld on the x-axis of the LINbO; crystal causesa
rotation of the index ellipsoid by 45° for the x and y axes(as proved in sectionA.3
(Egq. A.32) on page 132) sothe input polarization needsto be aligned with one of
the crystal axesbeforethe electric eld is applied. In that case,there is no residual
birefringencesinceboth axeshave the sameindex of refraction and the polarization
purity is high (about 5 10 #) and the 50% intensity modulation method is not the
optimum. This time, the caseof near zero optical bias point, discussedn detail in
section2.5.2,is the optimum and the maximum modulation is on the orderof 10 !

(seeEg. 2.360n page24) which is about one order of magnitude bigger modulation
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than the rst method. That is the optimum casefor limited dynamic rangedetection
sthemeslike CCD cameraor Streak Camera.
The appropriate choice of crystal orientation dependssolely on the experimertal

goals.

3.4 The Accelerator Test Facility at BNL.

The experimert useda 45 MeV electron beam provided by the Accelerator Test
Facility (ATF) located at Brookhaven National Laboratory (BNL). A drawing of the
ATF layout and its beamlinesis showvn in Fig. 5.

A 5 MeV electronbeam from a rf photocathode gun was injected into a linac to
boostits energyto 45MeV. The nal beamconained up to 0.8nCchargein afocused

diameter of about 0.5mmin about 15psduration at a repetition rate of 1.5Hz.

3.5 Proof of Principle

In order to demonstrate the simplicity of our method and establish the proof
of principle, we useda commercially available LiNbO ;3 electro-optic modulator from
Uniphase Telecomnunications Products (UTP). As can be seenin Fig. 6(a), the
LiNbO; electro-optic modulator is coupled to polarization maintaining b ers of 4
microns diameter designedto maintain and propagate the polarization of infrared
light. In order for the EO modulator to be usedin the high vacuum environment of
the ATF facility to detect electron beam bunches, we had to minimally modify its
housing. First we openedthe case(Fig. 6(b-c)) and then we openeda small passagef
about 1mmto the left of the crystal (Fig. 6(d)) for the beamto passwithout hitting
the housing. Then the modulator was mounted on an aluminum bar and the b ers

were locally stripped and epoxied on a standard 2% inch vacuum ange to create
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Figure 5: The layout of Accelerator Test Facility (ATF). The experimert waslocated
at beamline3A (angledbranch of beamline3) and the stripline trigger was upstream.
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Laser Light Direction
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Figure 6: The UTP EO modulator: (a) asreceiwed, (b)-(c) opened, (d) minimally
modi ed to allow the passageof chargedparticle beams.

a high vacuum b er feedthrough not available commercially Then the modulator
was installed on a six-way vacuum cross,located on beamline 3(a)(seeFig. 5) of the
ATF facility which provided 45 MeV electron beambunchesof 15psand 1nC
of charge. The electron beamdirection was normal to the crystal and the laserlight
propagation direction creating a transverseEO sensor(Fig. 6(d)).

For light sourcewe useda cortinuouswave (CW) infrared laserfrom AMOCO at
1320nm, capable of 20mW output power but during our experimert the maximum
output power was10mW. The laserwaslocatedat the cortrol room of ATF but using
a 35m polarization maintaining b er the light was transferredinto the experimertal

hall. The polarization of the light exiting the AMOCO laserwas very well de ned (
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extinction ratio waslessthan 510 #) and no polarizerwasneededo further linearize
the polarization (seeFig. 3). The light exiting the UTP modulator was transferred
out of the experimertal hall using another 35m polarization maintaining b er and
then with the help of lensesit passedthrough a quarter-wave ( /4) plate and a
analyzer to translate the induced retardation to intensity modulation (see section
2.5). The polarization purity after the light passagethrough the LiNbO3 crystal
degradedto about 5 10 3 dueto residual birefringence. Finally the light was coupled
to a 45GHzphotodiode (New Focus,Model 1015)and pre-ampli er. Then the signals
were digitized in a 7GHz oscillosco (Tektronix SCD5000)and stored in memory

The maximum modulation of the light intensity (displayed in Fig. 7) was about

9% of its DC level [14, 15]. The electronbeamwas about 5mm away from the
crystal with a chargeof about 1nC. The risetime of the signalisabout  120pslimited
possiblynot by the electronicsbut from the capacitanceof the metallic housingwhere
strong electric elds (wake elds) are createdfrom the passageof the electron beam
and the suddenchange of the electric eld boundary conditions. That is probably
alsothe reasonfor the long tail that follows the EO signal.

Usingthe sameUTP EO modulator at the LEAF Facility (locatedalsoat Brookhaven
National Lab) we were able to reproducethe results but this time not in a high vac-
uum ervironmert but in air. LEAF provided a 10MeV electron beam cortaining
up to 2nC chargein about  30psbunchesin  4mm diameter and with a repetition
rate of 10Hz.

The experimental setup is similar to the one usedat the ATF facility. For light
sourcewe usedthe same AMOCO laser (cw, 10mW @ 1320nm)and a 20m po-

larization maintaining b er transfered the light to the UTP modulator inside the
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Figure 7: A singleshot Electro-optic signalfrom the May 1998run at the ATF (BNL)
facility. The electronbeamwasabout 5mm away from the crystal.

experimertal hall. Sincewe werein the air, 3 step motors were usedto give x, y and

translation to the modulator for more accurate measuremets. As can be seenin
Fig. 8, the electron beam propagation was normal to the crystal and the laser light
propagationwas just like in the ATF. Finally the light was transferred with another
20m PM b er to the cortrol room, where using lensesthe light passedthrough a
quarter-wave ( /4) plate and an analyzerto endin the 1GHz photodiode(New Focus
model 1611)and 20GHz ampli er (New Focus model 1422).

The signal was digitized in the 7GHz oscilloscog (Tektronix SCD5000)and is
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Figure 8: The UTP electro-opticmodulator setupat LEAF (BNL) facility. In addition
to previoussimilar measuremets x,y and translators were installed.
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Figure 9: The EO signal obtained at LEAF facility (08/1999) using a 1GHz photodi-
ode, 20GHz ampli er and a 7GHz oscilloscog. The electron beamwas about 10mm
away from the crystal.

displayed in Fig. 9. It hassimilar structure and risetime to the ATF obsened signal

but is inverted becauseof the ampli er.

3.6 Free-SpaceElectro-optic Sensor

It wasrealizedpreviouslythat if the electro-opticcrystal hasany metallic housing
it induceswake elds which a ect and limit our measuremet Thus a customelectro-
optic sensorhad to be constructedwhich is not available commercially

A high vacuum compatible electro-optic modulator setup was constructed using

discrete optical componerts mounted on a aluminum bar andoredto a standard 2%
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inch O.D. vacuum ange, seeFig. 10. Two polarization maintaining b er collimators
wereusedto transferthe light in and out of the vacuum. The collimators are commer-
cial products that provided a beamdiameter of 0.5mm at the position of the crystal
with small divergence(< 0:3° full angle) and insertion losses(< 0:5dB). As onecan
seein gure 10, the b erswere stripped locally and epoxied on a standard 2% inch
vacuum ange to make a high vacuum b er feedthroughwhich is not commercially
available. After the input collimator, wherethe polarization was physically rotated
4% to the azimuthal, is a z-cut LiNbO3 crystal which is sitting on a ceramic base
with a 6.35mm clearancehole at the certer for the electron beamto passthrough.
The ceramic baseallowed us to avoid any induced wake elds in the vicinity of the
Sensor.

The 4%° facet of the baseis covered with uorescert material for guiding the
electron beam through the clearancehole. A CCD cameraviewed the uorescence
dueto the electronbeamfrom directly above the setup. After the crystal, a Quarter
Wave Plate (QWP) and an analyzerwereinstalled and nally the light was coupled
to a PM b er collimator to transfer the light outside the vacuum.

A 4% pop-up ag with the same uorescert material was located 23 cm down
stream of the EO sensorsetup and a CCD cameradirectly above the ag was con-
nectedto a computer frame grabber for preciseelectron beam location and pro le
measuremets. A 35m polarization maintaining b er was usedto transfer the light
outside the experimertal hall, to the cortrol room, where light was directed to a
photodiode connectedto an oscilloscog. The light sourcewasa b er-coupled,diode
pumped, solid state, Nd:Yag laser (Coherent Laser Inc.), emitting a maximum of

250mW of cortinuous wave (CW) optical power at a wavelength of 1319nm. The
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Figure 10: The First compact, high vacuum compatible, electro-optical beamsensor.
The completesetupwasdesignedto t into a corvertional 1.37inch 1.D. 6-way cross.
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laser incorporated active noise suppressionelectronicsto remove the relaxation os-

cillation noise. As can be seenin Fig. 11, at 1MHz the laser noisereathes already

Figure 11: The laser noise of the diode pumped, Nd:Yag, laser at 1319nm from
Coheren Laser Inc. A 7.1GHz spectrum analyzer was used along with a 12GHz
photodiode.

closeto the shot-noiselimit, and beyond 5 MHz the laser noisewas 1dB above the
shot-noise. The polarization purity of the light sourcehad an extinction ratio of
< 10 4 at the output end of the Polarization Maintaining (PM) b er. With the light
polarization going at 45° inside the crystal, the extinction ratio droppedto 10 2
becauseof the residual birefringence. The sizeof the lithium niobate crystal was (X

Y Z)=1 6.5 2.2mmwith z-axis(extraordinary) beingalignedazimuthally,
the x-axis parallel to the electron beam propagation direction, and the y-axis being
the direction of laser beam propagation (seeFig. 12). In other words, the descriked
EO sensorexploits the transverse electro-optic e ect with the electric eld applied

at the z-axis wherethe biggestsignal is expected. To linearize the modulation and



71

Figure 12: The LiNbO installation orientation. The electric eld from the charged
particle beamis applied to the z-axis. Light propagatesalong the y-axis.

balancethe residual birefringenceof the LiNbO3 crystal, the ; waveplate was ad-
justed so that the EO system was optically biasedat the quadrature point (50 %
transmissionpoint). Therefore, the resulting electric- eld-induced signal constartly
rode on a large dc light level. The analyzerwas crossedpolarized with respect to
the input polarization. The total light transmissionof the EO setup was about 12%,

with typically 5SmW of optical power reading the photodiode.

3.7 Results

The very rst action wasto conrm the electron beaminduced EO signal by a
seriesof cortrol experimerts:

(1) No photonswith wavelengthsother than the input laserwerereceived by the

photoreceier. Sud photons may originate from nonlinear optical processess well
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astransition or Cerenlov radiation.

(2) The EO signalvanishedin the absenceof either the electronbeamor the laser
beam.

(3) The signal polarity changedsign when the direction of the electron eld was
reversedby moving the beamabove and below the EO crystal, and

(4) whenthe input laser polarization was rotated by 9(°, asindicated in Fig. 12
, usinga 9P keyed b er-optic coupler.

An electronbeamthat is steeredin symmetric positions of 1mm above and below
the EO crystal producesan electric eld that is of the samemagnitude but opposite
direction. Becauseof the linear dependenceof the EO e ect with the electric eld one
expectsthat reversingthe eld would result in reversal of the signal polarity which
is illustrated in Fig. 13(a) and wasobsened in Fig. 14(a). Also oneexpectsa similar
polarity ip whenthe input polarization was changedfrom +45° to  45° becausehe
operating point in the transmissioncurve changesas Fig. 13(b) shavs. Speci cally,
when the EO modulator is operated on the positive slope of its responsefunction,
the polarity of the modulated signal follows the input polarity. Howewer, when the
operation moves to the negative slope of its response function, that is equivalent
to switching the input polarization from +45° to  45°, as shown at Fig. 13(b), the
polarity of the modulated signalbecome®ppositeto the input. That is alsowhat was
obsened experimertally, ascanbe seenin Fig. 14(b) whenthe input polarization was
changedfrom +45° to 4% by usingthe 9C° keyed b er-optic coupler. The polarity
reversal provides conclusive evidenceof the signal being electro-opticalin origin.

Next the EO signal dependenceon the electron beam charge was investigated.

The electron beam charge was varied by adjusting the UV intensity irradiating the
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Figure 13: (a) Polarity ip dueto changeof the polarity of the signaland (b) Polarity
ip whenthe input polarization is rotated by 90° from +45° to 4%,

photocathode of the 5 MeV rf electron gun. The actual charge was measuredby a
Faraday cup located beforethe linac and also by a stripline detector after the linac
(as shavn in Fig. 5). For eah charge value, 6 EO traces were collected and their
averagesare shown in Fig. 15 for the total of 5 di erent chargevalues. The electron
beam position was locked at 1.17 mm away from the laser beam path and it clearly
passedbelow the EO crystal unobstructed.

Then the maximum amplitude of the averagedtrace for ewery charge value is
plotted in Fig. 16 and eadt vertical error bar is the standard deviation for the set
of six traces, while ead horizortal error bar is the uctuation of the chargereadout
from the Faraday cup and the stripline. The straight solid line is the -squarelinear
t which takesinto accourt the errors in both coordinates and gives a reasonable
integral probability of 38.6%which meansthat our linear tting function is a good
approximation to the parert function. .

But we should stop and ask whether the tting procedureto the data is justi ed

and whether, indeed, there exists a linear relationship betweenthe measuredcharge
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Figure 14:. (a) EO signal polarity reversal due to electric eld direction reversal
when the charged particle beamis steeredabove or bellow the crystal and (b) EO
signal polarity ip dueto 9(° rotation of the input laser beam polarization and the
subsequen changeof operation point in the transmissioncurve.
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Figure 15: The averageof 6 electro-optical tracesis plotted for eat electron beam
charge. where eat vertical error bar displayed is the standard deviation of the 6
signal traces and eat horizontal error bar is the uctuation of the chargein eath
position as measuredby the Faraday cup and the pickup electrade conbined. The
electronbeamposition waslocked at 1.17mm away from the laserbeam path and it
clearly passedbelow the EO crystal unobstructed.

andthe measurecEO signalamplitude. To answer that questionthe linear-correlation
coe cient r canbeusedfor a quartitativ e measureof the degreeof correlation or the
probability that a linear relationship exists[5Q. The value of r rangesfrom 0, when
thereis no correlation,to 1, whenthere is completecorrelation. For the data shovn
in Fig. 16the linear-correlationcoe cient isr = 0:9916and the probability that any
random sampleof uncorrelatedexperimertal data points would yield an experimertal
linear-correlation coe cient like this is 0.1%. Thus a linear dependenceof the EO

signal with beam charge was established.
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Figure 16: The electro-optical signal dependenceon electron beam charge. The solid
line is the t performed.

The EO signal dependenceon the electron beam position was also investigated.
The electronbeamwas steeredvertically, in the direction of the z-axis of the crystal,
toward the crystal (from bellow) but not traversingit. In Fig. 17 you can seethe
electron beam pro les asviewed at the calibrated pop-up ag located 23cm behind
the EO sensor. The certer of the laser beam path was set at z=Omm becauseit is
the distance of the electron beam from the laser beam path that goesinto the EO
equation 3.6. The laser propagatedat the y-axis direction and the electron beam
propagatedat the x-axis direction of the crystal axis.

Taking advantage of the 6.35mmdiameter clearancehole (black circle in Fig. 17)

we collecteda setof 5 tracesat ead electronbeamposition, ranging from 2.78mmto
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Figure 17: Schematic drawing of the LiINbO3 crystal setup. The laser beam propa-
gatesin the direction of the y-axis of the crystal and the electronbeam propagatesin
the direction of the x-axis of the crystal. The beamwas moved alongthe z-axisof the
crystal to study the dependenceof the signalto the distancefrom the electronbeam
path. Se\eral represetativ e electron beam pro les and their location with respect
to the laser beam position, assumedat z=0mm, are overlaid to shov the maneu\er
of the beam relative to the crystal as view from a calibrated pop-up ag 23cmbe-
hind the EO sensor. Three electron beam positions were blocked by the EO crystal
did not showv up clearly on the pop-up ag but areillustrated in the gure by their
beam positions relative to the laser beam path. Their appraximate positions were
determinedby the pitching current of the dipole magnet.
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0.64mmin stepsof about 0.5mmfor a total of 5 positions. The maximum amplitude
of the averageof all 5 tracescollectedfor ead position is plotted in Fig. 18 against
the measureddistance from the certer of the laserpath. The vertical error bars are

the standard deviation for the set of 5 traces.

Figure 18: The maximum amplitude of the averageis plotted with respectthe distance
from the certer of the laser beam path. The solid line is a % -square t and the

dashedlineisa & -square t.

The solid line in Fig. 18is a % -square t which hasthe relative high but still
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acceptable -squareper degreeof freedomof = 2:3 and for a samplewith 4 degrees
of freedomthe probability of sudha  is 5.5%,while the dashedline is an attempted

riz -square t which although it corvergedit has an unacceptable -square per

degreeof freedomof = 226 which hasthe extremely low probability of 10 5% for

a samplewith 4 degreesof freedom[5]. As a result the % tting function is a much

better approximation to the parernt function than the riz function and it veri es the

dependencepredicted by Eq. 3.6.

During the scanningit was obsened that when the electron beam was closeto
the EO crystal sothat the beamwas partially impinging on the crystal, a distinctive
positive signal with a long deca/ time of 100nssuperimposedon the negative EO
signal. To examinethis further, the electron beam was steeredto impinge on the
EO crystal and traversethe optical beam path completely asthe schematic drawing
of Fig. 17 shows. As the electron beam approaded the optical path traversing the
EO crystal, the strength of the positive signal increasedand when the beam passed
the optical path, then the superimposedsignal becamenegative. Their traces are
plotted in Fig. 19 alongwith a trace recordedwhen the electronbeam passedclearly
unobstructed by the crystal for comparison.

It is conceiable that when the electron beam hits the LINbO 3 crystal it ionizes
it to the point that it createselectron-holepairs. Sincethe mobility of ionsis small
comparedto the electrons,a transiert ion eld remainswhich producesan electro-
optical signal opposite to that due to the electronbeam eld. In that caseits decy
time will be dictated by the electron-holereconbination time which is characteristic
of the material[52]. Becauseof the electro-optic nature of this slow signalits polarity

changeswhenthe electronbeamis steeredfrom bellow (-0.17mm)to above (0.33mm)
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Figure 19: Blue signal: electron beamwas hitting the crystal bellow the laser path,
Red signal: electronbeamwas hitting the crystal above the laserpath, Black signal:
electronbeam path was away from the EO crystal.

the laser path. This characteristic provides a unique method to locate the exact
electron beam position with respect the laser beam path. This signal is ideal for
calibration of the sensorsinceits timing is the sameasthe EO signal and the signal
to noiseratio is much bigger. Howeer, this ion eld disappears and the electron
beam eld prewvails whenthe electron beam clearsthe path of the EO crystal.

Now that the electro-optic nature of our signalis established,the focusis turned
to the measuremen of the temporal pro le of the electronbeamwhich is the goal of

the experimert. Sincethe optical modulation is of EO origin which has a inherert
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Figure 20: Solid line: electro-optic trace recordedby a 12GHz photoreceier and a
7GHz digital oscilloscoe. Dashedline: instrument responseof the detecting system
to a 15psIR laserpulse.

responsemuch faster than the ATF electron pulse duration, the measuredtemporal
duration is then limited mostly by the bandwidth of the measuremen systemand
the modal dispersion of the 35m long outgoing graded-indexmultimode b er (see
App endix D for moredetails). Lab measuremets shaved that the modal dispersion
of the b ersused,have negligibletemporal broadeningon the time scaleof interestin
this experimert. Totestthe limitations of our detectingsysteman 15psmode-locked
IR laser pulse was usedon the same12GHz optical receiver and 7GHz oscillosco

that wereusedin the experimert and the recordedpulserise time was 70psasyou
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can seein Fig. 20. The rise time of the EO signal is comparableto the onerecorded
in the lab which provesthat the 70psrisetime reported is limited by the electronics
usedfor the detection of the pulse.

During the ATF experimert the DC level of the light ertering the photodiode was

monitored as one can seein Fig. 21. The presenceof the DC drift phenomenonis

Figure 21: DC level of light arriving at the photodiode as monitored during ATF
experimerts. The suddenpeaksafter the 8000 secondsare when the electron beam
hits the LINbO3 crystal. As you can seethe crystal returns to its previous state at
the momern the electronbeamis moved millimeters away from the crystal.

con rmed with a 50 minute period. This drift is causedby a changeof the \e ectiv e"
electric eld inside the crystal due to the generationand motion of charge carriers

which are mainly electrons[53]. But in LiINbO3 crystals, trap levels are o ered by



83

defectsassaiated with non-stoichiometric composition, oxygen vacanciesand metal
impurities. Therefore, part of the drifting carriers are trapped in various levels in
the forbidden band, and thus built up numerouslocal elds that causea refractive
index change[54. In LINbO; the light itself is likely to becomea generationsource
of moving carriers and this e ect is called photorefractive. The magnitude and time
constarts of the descrited behavior dependsmainly on the crystal cut and quality.

Although this electro-optic sensorwas successfullyin the establishmen of the EO
nature of the detectedsignal and con rm the predicted dependencesjts EO modu-
lation was only 1% of its dc level. The reasonsfor this relatively small modulation
are:

Bandwidth: The limited bandwidth of the detection systemwhich is limited by
the 7GHz oscilloscoe. This decreaseshe modulation of the obsened EO signal by
afactor of 10

Method: The use of the 50% transmittion point technique for cornversion of
retardation to intensity modulation always givesthe highestsignalamplitude but the
lowest modulation ratio asit was proved in section2.5.1

Crystal Orientation: The application of the electronbeaminducedelectric eld

to the z-axisrequiresthe useof x or y-cut LINbO ; crystal and in that casethe residual
birefringencedegradesthe polarization purity. Remenber, in order to maximize the
intensity modulation the incoming polarization hasto be 45° anglewith respect the
crystal axis (seeEq. 2.16on pagel8). Sincethe EO signalis a polarization dependert
signal, degradingthe polarization purity translatesto wasting perfectly good photons
that simply don't arrive at the crystal with the right polarization, becausehe analyzer

would block them upon exiting the crystal.



Chapter 4

An All Optical Shemeto Detect ChargedParticle Beams

4.1 Introduction

In the previous chapter a free-spaceelectro-optical sensorwas descriked and its
results were presened along with a discussionof its limitations. Our attention was
focusedon the disadvantagesof the designwhich can be addressedas follows:

Bandwidth: For picosecondand sub-picosecondemporal measuremets the use
of an electronicreadout systemis not an option. In the literature, the useof advanced
optical techniquessud asfrequency-resolgd optical gating (FROG) or spectral phase
interferometry are widely usedfor direct electric eld temporal reconstruction. Our
choice was the use of a 2ps or/and a 0.5ps resolution Streak Camera (SC) as a
detection readout system.

Method: For dynamic range limited detection systemslike the advancedopti-
cal techniques descriked above, the use of near zero optical bias point electro-optic
modulation is optimum, sinceit can deliver the highestmodulation ratio possibleas
we discussedn section2.5.2on page22.

Crystal Orientation: The choiceof near zerooptical bias point asan EO modu-

lation method demandsthat we should have a very good extinction ratio ( 2) which
in turn meansthat we needhigh polarization purity. This is becausethe maximum
modulation ratio was found to be inversely proportional to the extinction ratio (see
Eg. 2.350n page24), sothe smaller(better) the 2 the biggerthe modulation. There-

fore, applying the electric eld onthe x-axis of a z-cut LINbO 5 crystal is the optimum

84
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choicefor the setup above, sinceboth the x and y-axis of LINbO 3 have the sameindex
of refraction[29], and no residual birefringenceis presen to degradethe extinction
ratio. Also, the application of the external eld along the x-axis causesa rotation
by 45° of the index ellipsoid about the z-axis (seethe derivation of Eq. A.32 on page

132) sothe input polarization hasto be along x-axis.

4.2 Streak Camera

Although we call it a \camera", a streak camerais quite di erent from the video
andstill cameraghat weloadwith Im to take pictures. The streakcamerais a device
to measureultra-fast light phenomenaand delivers intensity vs. time vs. position
(or wavelength) information. Its namedatesbadk to the early days of the high speed

rotating drum cameraswhich would \streak" re ected light onto Im.

Figure 1. Operating principle of the streak tube.

Fig. 1 shows the operating principle of the streak camera. The light being mea-
suredpasseghrough a slit and is formed by the optics into a slit imageon the photo-
cathode of the streaktube. The incidernt light on the photocathode is converted into
a number of electronsproportional to the intensity of the light, corverting the light
imageinto a electronimage. Then high voltage (HV) electrodesacceleratethe cre-

ated electronstoward the de ection eld. In the de ection eld, a high speedsweep
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voltage is applied to a pair of de ection plates at the instant the electronimageis

passing.

Figure 2. Operation timing during the high speedsweepfrom the de ection plates.

As you canseewith moredetail in Fig. 2, during the high speedsweepthe electrons
which arrive at slightly di erent times are de ected by slightly di erent anglesin the
vertical direction, from top to bottom. It is critical that the high voltage (sweep
voltage) applied to the de ection platesis syndironizedto the incidert light.

The vertical electronimageis now directed to the micro-channel plates (MCP)
which is an electron multiplier consisting of many thin glasscapillaries (channels)
with internal diametersranging from 10to 20 m, bundled together to form a disk-
shaped plate with a thicknessof 0.5to 1mm (seeFig. 3). The internal walls of eat
individual channel are coated with a secondaryelectron emitting material, so that
asthe electronscome ying through the channels,they bump againstthe walls, and
the repeated impact causesthem to multiply in number with a gain of as high as
10* for ead electron. Therefore,the MCP can perform electron multiplication while
retaining the 2-dimensionalinformation. After the MCP the de ected and multiplied

electronimage impacts againstthe phosphorscreenwherethey are converted again
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Figure 3: Operation principle of micro-channel plate (MCP).

into light.

On the phosphorscreenthe vertical axis senesas a time axis sincethe earliest
electronsto arrive are placedin the uppermost position and the horizontal axis of
the phosphorscreencorrespndsto the horizortal location of the incidert light. Also
the brightnesson the phosphorscreenis proportional to the intensity of the incident
optical pulse.

In order to measureultra-high speedoptical phenomenausing a streak camera,
a trigger and a readout sectionare required. The basic con guration neededfor the
use of a streak camerais shovn at Fig. 4. The trigger section cortrols the crucial

timing of the streak sweep. This sectionhasto be adjusted sothat the streak sweep
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Figure 4: Basic systemcon guration of streak camera.

is initiated when the light being measuredarrivesat the streak camera(seeFig. 2).
If an external trigger signal is available, then the use of a delay unit is all that is
needed. Otherwise, the trigger hasto be produced from the light being measured
and this is donewith the useof a PIN photodiode. The readout sectionreadsand
analyzesstreak imagesproducedon the phosphorscreen,which is on the output side
of the streak camera. Becausehe streak imageis faint and disappearsin an instant,
a high sensitivity camerais used. Analysis of streak imagesis done by transferring
the imagesthrough a frame grabber board to a computer.

In our disposalwe had a Hamamatsu C1587streak camera(seeFig. 5) with the
following componerts:

A N1643Streak tube with a S20photocathode which haslight responsein the
range 200-800nmwith peak responseat 420nmand a maximum quartum e ciency
of 10%and 2-10psresolution time.

A M1952 streak unit, which is consideredto be a single shot devicealthough it

cangoup to 1kHz repetition rate. The dynamic rangewasabout 1:100at the fastest
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Figure 5: A Hamamatsu streak cameramodel C2830is shovn here which is very
similar to the C1587that it was actually used.

sweeprange.

A syndiroscanFESCA C6860streak camerafrom Hamamatsuwas alsousedwith
a temporal resolution of 500fs(seeFig. 6). This camera,exceptfor the better tem-
poral resolution provided a better dynamic range of 1:1000and a more sensitive S20
photocathode with the samecharacteristicsasin the C1587streak camera. Also the
syndiroscanfeature allows a higher signalto noiseratio (S/N).

Syndiroscanrefersto a high-speedrepeatedsweepin which a high frequencysine-
wave voltageis appliedto the de ection plates(seeFig. 7) insteadof the ramp voltage
applied in the singlesweep. By syndironizing the repeated sweepfrequenciesstreak
imagescan be accunulated (integrated) at a xed position on the phosphorscreen.

This allows very faint optical phenomenato be measuredwith a high S/N.

4.3 Streak CameraOperational Modesand Lab Results
The C1587Hamamatsustreak camerahas5 di erent operational modeswhich are

summarizedin Table 1. When the SC operatesin the focus mode no sweeppulseis
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Figure 6: A Hamamatsustreak cameramodel C6860with time resolution 500fs.

Figure 7: Sweepvoltagesfor single sweepand syndiroscansweep.

appliedin the de ection electradesand that mode can only be usedto focusthe light
at the photocathode and to adjust its brightness. In the normal mode all componerts
of the SC are always on and streak imagesof light pulsescan be viewed. In the Post
Blanking or PostBL mode, only the cathode HV electronacceleratingmeshis always
on while the MCP is gated on for a non adjustable period of time. Gate A is the rst

operational mode whereall componerts are gated on during the sweep(a pre-trigger

of seweral hundred nanosecondss required). Gate B hasthe extra feature of re-sweep
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| Gating Mode | Cathade HV | MicrochannelPlate (MCP) | Sweep Pulse | Re-Swep Pulse |

Focus Always ON Always ON No No
Normal Always ON Always ON Yes No
Post Blanking | Always ON Gated ON Yes No
Gate A Gated ON Gated ON Yes No
Gate B Gated ON Gated ON Yes Yes

Table 1: Summary of SC operational Modes. In the caseof Gate B the amourt of
ON time is adjustable both for the cathode HV and the MCP.

wherea long sweeppulse (0.1-10ms), of opposite direction, is applied after the main
sweeppulsefor the solepurposeof removing the electronsremainedin the SC.

The gating of the componerts just before the sweep from the de ection plates
and the re-sweep are the two main featuresthat enableus to measurelight pulses
that ride ondc light. The dclight cortinuously createselectronsat the photocathode
and sincefor the normal and post blanking mode the cathode HV acceleratingmesh
is always ON, an electroniccloud lls the SC tube which createsinternal scattering
with the incominglight pulse. This is known asthe space-chagee ect and the result
is that light with a dc to signalratio of 1:1 cannot be measured(seeFig. 8). It takes
a meresig;’—rfaI = £ ratio for the streakimageto be visible.

But whenthe SC operatesat Gate A or especially at Gate B mode the electron

cloud inside the tube is minimized becausethe cathode HV and the MCP are oper-

ational only just beforethe pulse arrives. Also in Gate B mode the re-sweep pulse
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Figure 8: A light pulseof 8 W isriding ona7 W dc red light. The streakimage
of the light pulse alone when the SC operatesin Post Blanking mode is clear but
whenthe dc is addedalong with the pulsea electron cloud is covering the image.
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clearsthe remaining electronsinside the tube and the di erence is clear and can be

dc
signal

seenat Fig. 9. The results prove that a light signal with a = ‘I‘ ratio can be
viewed in the streak camera.

Howe\er, the typical light output when the electric eld is applied on the z-axis
of an LINbO3; EO sensoris about 5mW, which is a huge number of photons that
will destroy the photocathode of the streak cameratube upon incidence. Even if
we chooseto ignore that fact, we cana ord to have about 1000e per resolution
elemen of the CCD camerabefore saturation e ects occur[55]. For 514nm light (
Esim = 410 °®J=photor) assumingthat

For a quartum e ciency of 5% for the photocathode we have 6 10'* photoelec-
trons/sec

For a moderate MCP gain of 100 we have 6 10'® photoelectrons/sec

For a 380pswindow we have 24 1P photoelectrons

The CCD camerahasa total 5x12 vertical channels

then we have  40010° photoelectrons/dhannel which is a huge factor above the
threshold for saturation e ects at the CCD camera. Thus the dc light level hasto be
aslow as possibleand the zero bias electro-optical technique is optimal for usewith

the streak camera.

4.4 Experimertal Arrangemen

A high vacuum compatible electro-optic sensorwas constructed using discrete
optical componerts. All optical elemetts are located outside the vacuum providing
capability for instant adjustmerts, and light is guidedin and out of the vacuumfrom
air using windows. The optical elemeits are aligned on a aluminum bar which is

mounted on a standard 2% inch vacuum ange, on the sidethat is outsidethe vacuum.
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Figure 9: A light pulseof 12 W is riding on a 50 W dc red light a ratio of
dc:signal=4:1. In PostBL mode the streak imageis clear only whenthe pulsearrives
alone. Otherwise the electronic cloud overwhelmsthe tube. On the cortrary in Gate

B mode its presencds clear.
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Two custom made circular holeswith a glasswindow on top of them, provided the
way for input and output of the light beam. On the vacuumsideof the ange, another
aluminum bar is mounted which holds the ceramichousingof the EO crystal and an
corner-cuke that returns the light.

As you can seein more detail in Fig. 10, when the laserlight exits the b erit is
collimated by a 20x microscope objective lenswhich sits on an x-y station for easier
adjustmert of the collimation. Next comesthe polarizerthat de nes the polarization
direction of the light and provides high polarization purity. The light is guided in
the vacuum and on the EO crystal using a 9P right-angle prism through the rst
window hole. The LINbO3 EO crystal is sitting on a ceramicbaseto avoid inducing
wake elds that a ect the EO signal. Next a corner-cube was usedto guide the light
out of the vacuumthrough the secondcircular window hole of the ange and onto the
9’ right-angle prism which is aligned on the sameline asthe optical elemeis. The
=4 or QWP plate is next alongwith an analyzerto transform the phasemodulation
to intensity modulation. And nally a 10x microscope objective lensis usedto couple
the light into a gradedindex multimode b er.

The total light transmissionof the setup was 15% of the input power. The trans-
mittance could be improved but in order to keepthe dimensionsof the EO setup
compact the lens telescog technique[5§ could not be used. Also there are marny
surfacesof optical elemeits at the setup and most of them were uncoated (except
window, prisms and microscope objectives) becausewne were switching the laserlight
wavelength badk and forth, from 1320nmto 514nm, and there is no coating that
could accommalate both of them. Most of the light waslost in the polarizer, LINbO 3

crystal and analyzer.
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Figure 10: A high vacuumcompatible EO sensordesignedor high polarization purity.
The setup ts in a standard 2% inch 6-way cross.
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Figure 11: The QG-532-200s a compact,diode-pumped, solid-state, Q-switchedlaser
from CrystalLaser.

For a light sourcewe used a compact, diode-pumped, solid-state, Q-switched,
pulsedlaserwith b er coupling output, rented from CrystalLaser(seeFig. 11) . The
laser provided a 532nmlaserbeamwith 10 J of energyper pulse at 1Hz repetition
rate capable of maximum 200mW of optical power at 50kHz. There is 100-200ns
delay betweentrigger and the Gaussianpro le pulseoutput with  20nsjitter. The
pulseduration was 20nswith a faster rise than fall.

The sizeof the LINbO; crystalwas3 3 2mm (X Y Z) with the x-axis aligned
azimuthally, the z-axisbeingthe direction of laserbeampropagationand y-axis being
parallel to the electronbeampropagationdirection asyou canseein Fig. 12. In other
words, this EO sensorexploits the transverseEO e ect with the electric eld applied

at the x-axis where the maximum signal modulation is expected (seesection2.5.2).



98

Figure 12: The LINbO3 crystal oriertation for the streak cameraexperimert. The
electric eld is applied on the x-axis and the laser beam propagateson the z-axis.
This the transverseEO e ect.

To maximize the modulation, the analyzer was crossedwith the polarizer, and the
z-Plate was adjusted to minimize the light transmissionafter the analyzer. And this
is called near zero optical bias EO amplitude modulation.

The polarization purity of the setup was high and the extinction ratio of the
setupwas 2 510 4, which didn't changewith the addition of the LiNbO 3 crystal,
becausethere is no residual birefringence. This enablesus to take full advantage of
the near zero optical bias amplitude modulation, for which maximum modulation is

inversely proportional to the the extinction ratio asyou can seein Eg. 2.350n page



99

24. Sothe smallerthe extinction ratio, the higher the signal modulation.
The EO setup as descriked above was tested in the lab using 1GHz photodiode
(New Focus1611)and a 500MHz Oscilloscog (T ektronix) instead of the streak cam-

era. The electric eld that was applied along the x-axis was 2oL = 1725 with a

2:5mm

risetime of 1ns. A small misalignmen betweenpolarizer and analyzerwasintroduced
to linearize the EO signal, and that was arrangedso it would double the minimum
transmission. The EO signal was viewed in both the single shot and the 100 pulse
averagecollection mode as can be seenin Fig. 13, and signalson both sidesof the
transmissionfunction were recordedwhich causedan inversionof the EO signal (see

Fig. 13(b) ).

4.5 Results

The very rst thing we did, before we performed measuremets with the streak
camera,wasto obsene the signalin the presenceof the electronbeam,and whenthe
electronwas blocked.

As it can be seenin Fig. 14, in the presenceof the electron beam a clear signal
is obsened with 50% modulation in single shot mode (solid red line), whereaswhen
the electron beamis blocked (RF still operating) the signal disappears (dotted blue
line). This establishespeyond any reasonabledoubt, that the electronbeaminduces
this signal.

The oscilloscoe measuremets also shoved that the modulation is not exactly
constart at 50%. We usually got a modulation in the range of 20-30%,for a 2mm
distanceof the electron beamfrom the crystal, but extremecasesof 2000%modu-

lation were also obsened occasionallyas the Fig. 15 shows. The analysisof section
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Figure 13: Lab tests on the new EO setup using the pulsedlaser. The EO e ect was
viewed in both single shot and 100 averagemode. The electric eld usedwas 172'%’
and a small misalignmen betweenpolarizer and analyzerwasintroduced(to linearize
the EO signal) which doubledthe minimum light transmission.
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Figure 14: Oscillosco single shot traces with the electron beam presen (solid red
line) and without the electronbeam(dotted blue line). The intensity modulation was
50%.

2.5.2,which coversthe zerobias EO intensity modulation we applied in this experi-
mert cannot explain sud a big modulation. What was expectedis a modulation of
about 10%,for the electronbeam2mm away from the crystal. Sud a huge modula-
tion of 2000%is an unexpectedand unexplainedobsenation asfar asthe EO e ect
is concerned.

Next we neededto verify the origin of the signal in the Streak Cameratraces.
For that purposewe changedthe trigger delay of the streak camerausing an SRS

(Stanford) delay unit. If the signal was induced from the electron beam, then its
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Figure 15: Singleshot oscilloscog trace of an extreme caseof 2000%modulation

arrival time is constart. Changing the SC trigger delay should result in changing
the SC time window view. This meansthat our signal should move in the trace by
the sameamourt, unlessit is a noise originating from the camerait self, like the
space-bargee ect discussedn section4.3. In that casethe signal should follow the
camera'sview.

Thus, we recorded100singleshot traceswhile steppingthe trigger delay by 500ps
eadh time. Then the singleshot traceswere averagedand subtracted from ead other.
Sincethe signal is presen in both traces, the subtracted trace hastwo signals: one
positive and one negative. The results can be seenin Fig. 16(a) for the caseof two
signals1nsapart and in Fig. 16(b) for two signals500psapart. The results shaved
that the signal followed the delay as expected from the assumptionthat our signal
is induced by the electron beam. To further establish our signal we repeated the
previouschedk we did with the oscilloscoe wherewe blocked the electronbeamand

try to nd our signal. In Fig. 17 both tracesare the averageof 100singleshot, where
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Figure 16: Streak Camera measuremets where two signals (average of 100 single
shot) with di erent time triggering delays were subtracted from ead other to give a
positive and a negative signal. Figure (a) A delay of Inswasused(b) A 500psdelay

was used.
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Figure 17: Streak cameraaveragetraces (of 100 single shot) in the presenceof the
electric eld from the electron beam (solid red line) and with the electron beam
blocked (dotted blue line) while the RF gun was running. The negative deepin the
dotted blue trace (electron beamblocked) is due to a spatial ine ciency of the used
streak camera'sphotocathode causedby yearsof use.

the solid red line is the trace recordedin the presenceof the electron beamand the
dotted blue line is the trace recordedwhen the electron beam is blocked while the
RF electron gun is operational. This veri es the oscilloscoe obsenations, that the
signalis not presem whenthe electronbeamis blocked.

The averagedsignalsshown in Fig. 16 have a duration of 500pswhich is much
biggerthan the 15psduration of the electronbeam. The fact that they are averaged,

may have somethingto do with this sincethe jitter of a long delay from the delay
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box cortributes.

Figure 18: FESCA C6860femptosecondstreak camerasingle shot signal (Top) and
10 single shot average(Bottom).

Next, singleshottraceswererecordedusingthe syndiroscanFESCA C6860streak
camera(Fig. 18(top)). A feature of this streak camerais that it canlock the trigger to
the RF electrongun frequency This producesan averagecollection of traceswithout
any jitter. A averagetrace of 10 singleshots(10 second)is shovn in Fig. 18(bottom)
and in a 500pswindow in Fig. 19.

Single shot traces were also recordedusing the picosecondC2830streak camera.
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Figure 19: A streak cameratrace (FESCA C6860)of 10singleshot averagein a 500ps
window
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Figure 20: Two singleshot streak cameratraces(picosecondC2830)in a 3nswindow.
The presenceof jitter is obvious and causeghe shift of the traces.

The were recordedin a 3nstime window as shown in Fig. ?? or in a 612pswindow
shavn in Fig. 21.

The duration of all the single shot streak cameratracesis also about 500ps,just
asin the averagetraces, which raisesthe question: Is our signal EO in nature?

To answer that question, a test was performedwhich aimedto ched the linearity
of the signal. The analyzerwasmisalignedby +5° to -5° with respect to the minimum

extinction angle of 90°. As the results shav (Fig. 22) both the 85° signal (solid red
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Figure 21: Two single shot streak cameratraces (picosecondC2830)in a 612pswin-
dow.
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Figure 22: To test the linearity of the signal, the analyzerwasset rst at 95° (dotted
blue curve) and then at 85° (solid red curve). The trace is an averageof 50 single
shot.

curve) and the 95° signal (dotted blue curve) are positive, not what onewould expect
from the linear EO e ect asdemonstratedwith the previousEO setup, and from the
theory descriked in Fig. 14(b). Sincethe signal has a quadratic dependenceon the
electric eld, the linear electro-optic e ect is ruled out, asis the quadratic electro-
optic e ect sinceit can not induce sud a big modulation like the one we obsene.
Higher order, even dependencesare ruled out for the samereason.

Therefore, the model which involves a electric eld with oscillating frequencies,

inside a Gaussianenvelope, that canreproducean EO signalwith shapeslike the one
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in Fig. 21is improbable, sinceit cannot explain:
the quadratic electric eld dependenceor the absencef electric eld dependence,
the 2000%modulation,
previousexperimerts with similar optical setupwhich in the sameelectronbeam
conditions did not obsene thesefrequencies.

Another model is that the obsened electric elds are \w ake elds", that is, elds
that arecreatedon the vacuumaluminum pipesor in the surfaceof the crystal because
of the suddenchangein the boundary conditions of the chargedparticle electric eld.
This model is alsoimprobable, sinceit cannot explain:

the absenceof an EO signal from the passageof the electronbeam,

the intensity of high frequencies(look at 21.3GHzpeak in Fig. 23) which due
to dampening should have beenlow but instead appear the highestof all frequencies

the 2000%modulation,

previousexperimerts with similar optical setupwhich in the sameelectronbeam
conditions did not obsene thesefrequencies.

We realizenow, that the signalis not of EO nature but the fact that it disappears
when there is no electric- eld, meansthat some other polarization e ect must be
presen to producethe intensity modulation. This e ect will have to be much bigger
than the existing EO e ect in orderto be dominart over it. The existenceof the EO
e ect is veried both from the lab tests shovn in Fig. 13 and the well known EO
theory descriked analytically in sectionA.3.

Earlier, in section 2.8, we realizedthat in optical media which are piezcelectric

when an electric eld is applied, sound waves can be piezcelectrically generatedon
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the surfaceand inside the medium. This can modulate the index of refraction, creat-
ing a diraction grating (seeFig. 11). Then Bragg di raction occurs, which results
(under conditions which are described in section2.12)in a di racted light beamwith
polarization orthogonal to the undi racted (original) light beam. In the presenceof
a QWP plate, alignedwith the undiracted light beam, intensity modulation occurs
which pro les the sound eld.

Looking closely at our experimert, we realize that LINbO3 is piezcelectric and
numerousexperimerts have reported measuremen of sound waves up to 10GHzin
LINbO3[40, 43. In our experimert, the electron-keam-inducedelectric eld is applied
to X-axis of the crystal, and asonecan seein Fig. 13 3 acousticwavesare generated
and propagatein the X direction. Howewer, only the shearwavesinduce a change
in the index of refraction (look at = 0°), specically the S; and S, shearwaves.
Therefore, we do have a diraction grating along X-axis which satis es the Bragg
polarization e ect conditions (described in section2.12)appliedto the caseof a shear
wave propagating in z-cut LiNbO3 crystal. The intensity modulation induced from
this method is

Z
4.1) | = n%(pllhcplz) eC S(r) 1o(r) d |

whereC is a constart which dependson the quantum e ciency of the photocathode
and the electron ampli cation of the MCP. Thus, the signal is just an image of the
soundwave in the illuminated region of the crystal, wherethe light beamis incidert
and doesn't depend on the electric eld that generatedthe soundwave, whatsoever.
That explainsa number of properties of our signal:

The behavior of the signalto the changeof the electric eld polarity asshown in

Fig. 22. Accordingto Eq. (4.1) the light exiting the analyzerdoesn't depend directly
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on the applied electric eld, and its polarity shouldn't changewhen you rotate the
analyzer 5° about the minimum.
The hugemodulation of 2000%we obsene. In the presenceof the strain-optic

e ect, the electro-optice ect is just a mere correction. Speci cally in LiNbO 3[58]:

1
= =pS 10°10° 107
n PE

1

5 =g 10710 10°

EO

which provesthat the photoelastice ect is about 100times strongerthan the electro-
optic e ect. Then the expected 10% EO modulation becomesn the order of 1000%
for the caseof photoelastice ect, which explainsthe obsened modulation. In section
2.10you can nd ananalytic descriptionof the EO e ect correctionto the strain-optic
coe cien ts.

It explainsthe structure of the signal. Looking at the high detail, streak camera,
singleshot tracesshowvn in Fig. 19 and 21, the presenceof a wave is clear. In fact, as
Eq. (4.1) shaws, the exiting light is just a moving amplitude image of the sound eld
in the focusregion. In other words the signalis just the soundwave imageinside the
region of the crystal wherelight propagates.

It can, in part, explain the 450psduration of the signal. When the shear
soundwaves S; and S, are piezeelectrically generatedon the surfaceand inside the
LINbO3 crystal, they propagateits X-axis. Sincethey induce a changein the index
of di raction in their course(look) a photoelasticsignalwill be inducedat the lighted
regionof the crystal. The signalwill be presen aslong asthe soundwavesare presert
inside the crystal. In other words, the signal duration dependson the attenuation of

the soundwavesand sincethe both have di erent attenuation and speedsS, plays an
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important role although its index of refraction is smallerthan S; (look at table 3).

The Fourier transform of the signalsseenin Fig. 21 shows (look in Fig. 23) that

the highestfrequenciesof the induced soundwavesare 15.2and 21.3GHz. Following

the reasoningof section2.13,thesesoundwaveswill be presen in the crystal for

21:3GHzX Fast Shear )
21:3GHzX Slow Shear )
152GHzX Fast Shear )

152GHzX  Slow Shear )

216

254

425

498

10%ps = 194
10%ps = 219
10%ps = 383

10%ps = 448

238ps
279ps
467ps

548ps

Reviewing the signalscollected with the streak cameras,shovn in Fig. 19 and 21,

the sound wave theory can explain the build-up and deca of the signals,and their

duration of 450ps. That happensif we take into accournt only the two highest, in

intensity, frequenciesand ignoring the rest lower in intensity frequencieswhich are

not the samefor both signals.

The only way we canbe certain that any or conbination of the above modelsfully

descrile our data we needmorefundsfor moreexperimerts. The only thing we canbe

certain with the presem experimerts is the discosery of unexpected crystal response

which translate to somethingnew which rarely happensin sciencethesedays.
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Figure 23: The Fourier transform of the signalsviewed in Fig. 21 respectively. It
shows that the sound waves frequenciesare 15.2GHz and 21.3GHz. The Fourier
transform was obtained using the Origin 6.1 commercialprogram.



Chapter 5

Discussionand Conclusions

5.1 Summary

In May of 1998,we performedthe rst electro-opticdetection of a chargedpatrticle
beam (of 15psduration), at ATF facility of BNL, using a commercially available
EO modulator usedin telecomnunications. The transverseEO modulator geometry
was used,wherethe electron beamdirection is perpendicular to the crystal and the
light propagation direction, as one can seein Fig. 2. The obsened signal, shavn
in Fig. 7, had a risetime of 120pslimited not by electronicsbut from the metallic
housing of the modulator which induced strong electric elds at the passageof the
electron beam (wake elds). The sameobsenations were repeated at LEAF facility
of BNL, but this time the electron beam propagatedin air instead of high vacuum.

Since then, a custom-made, free-space,high-vacuum compatible, electro-optic
(EO) modulator was constructed using discrete and market available optical com-
ponens. In its rst version, light was guided in and out of the vacuum using po-
larization maintaining (PM) b erswith collimators on one end. This allowed us to
have all optical componerts in the usersroom instead of the restricted experimertal
room. The transverse EO geometry was usedwhere the electric eld is applied in
the z-axis of a LINbOj crystal. The 50% bias amplitude modulation technique was
applied, becauseit is optimum for this arrangemen (seesection2.5.1). The resid-

ual birefringencepresen in this arrangemem degradedour extinction ratio down to
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10 2. By performing a seriesof tests we were able to verify the EO nature of our

signal and its properties, sud as:

The polarity of the signal dependslinearly with the sign of the charge or the
direction of the applied electric eld, asonecanseein Fig. 14

The amplitude of the signalalsodependslinearly on the electric eld amplitude
asonecanseein Fig. 16

The % dependenceof the signal to the distance of the charged particle beam
from the LiINbO; crystal optical path was alsoveri ed, asonecan seein Fig. 18.

The obsened signalhad a 70psrisetime (look at Fig. 20) which, as the tests
showved, waslimited by the electronicsusedfor the detection of the optical pulse. The
modulation (MD)of our signal,de ned asAC amplitude over DC amplitude, was 1%
for a 0.5nC beam, 2mm away from the crystal. The smallestsignal obsened was at

75pC electron beam charge, which correspndsto  510° electrons.

In the sameseriesof experimerts, an electro-optic slov componernt was obsened
when the electron beam impinged on the LiNbO; crystal with a long decg time of

100ns. The signal polarity dependson the position of the charged particle beam
relative to the optical path, asonecanseein Fig. 19. This signalarrivesat the same
time the EO e ect, asexpected,and sinceit is 100times biggerit can be usedfor
calibration purposes.

In the secondversion of the free-space,high-vacuum compatible, electro-optic
(EO) modulator, the light wasguidedin and out of the vacuumusingoptical windows
and discrete optical componerts. The extinction ratio of the setup was very good,

510 #, which enabledusto usethe zerobiasamplitude modulation technique which

producesa factor of 10 higher modulation than the 50% bias amplitude modulation
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technique usedwith the rst setup(seeSection2.5.2). High modulation wasrequired,
becauseasyou can seein Fig. 9, tests shaved that the lowest modulation the streak
cameracan detectis 15%, and the zero bias technique can bring us in that range.
Howeer, the signal amplitude was much smaller, and we had to use a Q-switched
pulsedlaserto supply the necessaryphotonsfor direct optical obsenation of the signal
to streak camera. Thus we were aiming for the rst, all optical, non-destructive, EO
detection of charged particle beam.

The optimum geometryfor usewith zero bias amplitude modulation is to apply
the electric eld in the X-axis of a z-cut LINbO 3 crystal (seeSection2.5.2) and that
is what was used. Although lab tests shoved a promising EO signals (seeFig. 13)
when the experimert was performedin ATF facility, we saw signalsthat were not of
EO nature. It is conceiable that the slow risetime of the lab applied electric eld
pulse( 1ns)did not stimulate the piezcelectric e ect in the sameway that the fast
ATF electron pulsedid.

The signal obsened had unexpected properties sut as:

The 2000%modulation obsened, shovn in Fig. 15,was 100times morethan
the one expectedfrom the EO e ect,

The polarity of the signal didn't changewhen the direction of the electric eld
changed,as seenin Fig. 22,

The shape of the signal, seenin Fig. 21,

The 450psduration of the signal, which is much bigger than the duration of
the applied electric eld.

These properties can be addressedwhen we take into accourt that in a z-cut

LiNbO; crystal, the piezeelectric e ect is presen. Its direct e ect is very weak,
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and in the presenceof other e ects, like the EO e ect, is not visible. Howewer, the
piezcelectric e ect is alsothe sourceof generationof soundwavesin mediaasthe Eq.
2.61 demonstrates. The sound waves are generatedon the surfaceas well as inside
the crystal the momert the electric eld is applied. Thesesoundwaves changethe
index of refraction of the medium in which they propagatethrough the photoelastic
e ect (seeSection2.9), and asa result adi raction grating is e ectively created(look
at Fig. 11). Sincethe photoelastic e ect is typically 100 times stronger than the
EO e ect, then no EO signalis expectedto be obsened.

As studies have shavn (see Section 2.11) in a z-cut LINbO3; with the electric
eld applied to its X-axis one longitudinal and two shearwaves are generatedand
propagatein the X-axis direction of the crystal. But only the shearwaves induce
changesin the index of refraction. Therefore, the shearwaves are responsible for
the Bragg polarization e ect as descriled in Section2.12. The polarization of the
di racted light beam,which co-propagateswith the undi racted, is rotated 9C° from
the undi racted thuscausingarotation of the light polarization. E ectiv ely the signal
output dependson the soundwave and not directly on the electric eld. This e ect
canexplain all the unexpectedproperties of the obsened signalsbut the only way we
can be certain of its presences to perform more \controlled" experimerts with the

samesetup.

5.2 Conclusions

The results descrited in this thesis demonstrated beyond any reasonabledoubt
that the electro-optic e ect can be used for non-destructive detection and pro le
monitor of chargedparticle beams. Due to the inherert ultra-fast responseof the EO

e ect to the appliedelectric eld, temporal resolutionsof a fewtenths of femptosecond



119

can be adieved[6 7]. This temporal resolution is neededsince with the advance
of particle acceleratorsand FEL techniquesthe bunch duration has dropped to the
femptosecondime scale.The EO e ect canbe usedto construct a real-time feedba&
systemfor beam bunch adjustmerts due to its non-destructive property. In sort the
EO e ect properties are:

femptosecondime resolution technique,

linear responseto the applied electric eld which can be usedfor proling a
beambund,

it canbe usedin many beamlinepositionssinceit is non-invasiwe,

as an optical technique and it hasall the advantagesof sud: low noise,small
number of expensiwe read-out systems,excellen electromagneticisolation, large fre-
guencyresponse,e.t.c.

On the other hand the Bragg polarization e ect doesn't directly depend on the
applied electric eld and although it is 100 times bigger than the EO e ect it
can be usedonly for detection of a chargedparticle beamand not for pro ling. With
careful considerationthe generatedsoundwave can be selectedio give very fast signal
duration (even in the order of sub-picosecond).That is very promising on the front

of single particle detection were aswe will seethe EO technique can not be used.

5.3 SingleParticle Detection

Using an electro-optic sensorto detect single particles is a thesis dissertation by
itself. This sectionis dedicatedto a simple theoretical investigation to seeif the EO
e ect canbe usedfor singleparticle detection.

For a relativistic single electron, 2mm away from a y-cut LINbO 3 crystal (where

the Lorentz cortracted electron Coulomb eld, is applied to z-axis) we expect from
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Eqg. (3.7) a retardation of 10 °rad using the transverse EO e ect with the
electron 2mm away from the crystal and a 532nmlaser. The signal to noiseratio

(SNR), in the caseof shot noiselimited detection, is given by[60]
r S
PTq 2

~ 24 2
2~1 + 2

(5.1) SNR =

where P is the laser power just beforethe analyzer, T the inverseof the detection

system bandwidth (i.e. the time electric eld is presen), ¢, 0:6 the quantum

e ciency of the photodiode,m~!  0:9eV the energyof the laserphoton, and , the
bias we introduce to linearize and amplify the e ect. When 3 2 the equation
reducesto

r PT
(5.2) SNR = 2~ch

Now for a SNR=1 and for a 10 m length of LINbO; crystal which will give us

100fstime resolution,weneedP  0.510'® Watt of optical power insidethe crystal.
This a huge amourt of optical power, and ewen if we could provide it, the LiNbO3
crystal could not sustain. Thus, singleparticle detectionis not possibleusingthe EO
e ect at the presen but using a pulselaserof 50 J we can seea charged particle
beamof 1CP particles.

Thereis a great interestin researb for better EO materials becauseof their wide
usein the eld of telecomnunications, and already there are on the market polymers
like DAST with 10 times better EO properties than LINbO3. It is expected that
this will improve more in the next few years. Newertheless,to usethe EO E ect for
single particle detection requiresabout 6 ordersof magnitude improvemen, which is
unlikely to readhedat any time socon. But usingthis technique asa readout systemfor

gaseoudetectors (like Micromegas[57]) which can achieve a single charged particle
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ampli cation factor of 1P, is under investigation.



Appendix A

Electro-optical analysisof LINbO 3 crystal

The index ellipsoidin the presenceof an electric eld applied on a LiNbO 3 crystal
changessize and sometimesorientation. All possiblecaseswill be studied in this

appendix for LINbO 3, sinceit is by far the most usedEO crystal.

A.1 LiNbOj; Casel : E = (0;0;E,)
SupposeE = (0;0; E,), meaningthat the E- eld is applied along the z-axis, then

the generalequation of its index ellipsoid (2.14) becomes

1 1 1
(A1) [ﬁ + rizE X%+ [F + rizE ly* + [F +r3E,]z% =1

X y z

Sinceno mixed terms appear, the principal axesof the new ellipsoid are not rotated.

The electric eld changedonly the length of the axesand their new valuesare

—_ 2 i, l 3
Ny = No(1+ ngrisE;) 2" ng  =ngrizsE;

2
1 3
1
— 3
Nz = Ne éner33 Ez

In the caseof a light beam propagating along the x or y axis (Fig. 1(b)), the

induced birefringenceseenby it is

—_ - 1 3 3
(A.2) Ninduced = Nxy n; = E(ner33 nor13) E;
and the retardation inducedis

(A-3) Xy cut = - Ez Ix (n§r33 n8r13)

122
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Figure 1: The index ellipsoid changedue to an applied electric eld in the z-axis.

Testing the above setup in the lab, one appliesa voltage at two parallel plates that
sandwid the crystal and the electric eld is applied normal to the direction of prop-
agation of light. This is called the transverseelectro-optic e ect and is presened

graphically in Fig. 2.

Figure 2: TranswerseEO e ect; Electric eld is applied normal to the direction of
optical beam propagation.

In this case,the existenceof the dielectric betweenthe two plates doesn't change
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the electric eld becausethe power supply of the voltage generatorwill provide the
current (charge)neededo sustaina constar voltageand electric eld intensity. With
fringing neglected,the electric eld is equalto E, = Eq = ¥% whereV is the voltage
and d is the spacingof the two plates.

When we usean EO setup to detect the electric eld of charged particle beams
the charge(current) is xed instead of the voltage. Subsequetly the presenceof the
dielectric, in this case,will reducethe electric eld (E, = @) and the retardation by
the dielectric constart factor.

In the caseof a light beam propagating along the z axis, then both orthogonal
componerts will experiencethe samephasechange, and no retardation due to the

applied electric eld will be acquired(seeFig. 1(a)).

Wavelength E ectiv e Crystal Length Laboratory Retardation Beam Retardation

in nm in mm in mrad in mrad
at 1320nm 5mm Lag =133.0 BEaM =4.8
at 1320nm 2mm Lag =53.2 Beam =1.9
at 514.5nm 5mm Lag =392.6 seam =14.0
at 514.5nm 2mm Lag =157.0 BEAM =D.6

Table 1: Retardation Examplesfor 57.1kV/m applied electric eld E = (0;0;E;) on
a x,y-cut LINbO3 crystal

A.2 LiNbOj3 Casell : E = (0; Ey;0)
If the electric eld E = (0; Ey;0) is along the y-axis, then the equation of the

index ellipsoid is:

1 1 1
(A.4) [ r2E)X°+ [5+ 1By + [S122 + 2yzrs By = 1
n2 n2 n2
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The equation above shaws that the presenceof an electric eld parallel to the y-axis
causeslength changesin the x,y directions and a rotation of the ellipsoid about x-
axis (introducedby the mixed term of Eq. (A.4)). In this case,the crystal becomes
biaxial, sinceall axeshave di erent indicesof refraction.

In order to make Eq. (A.4) an ellipseagain, we needto introduce a rotation of

around the x-axis using the follow rotation matrices

1 0 0 1 0 0
(A.5) i()= 0 cos() sin() : ()= 0 cof) sin()
0 sin( ) cos() 0 sin() cog )

wherethe old coordinates A becomeACin the new frame, and they are related with

the rotation matrix as follows
0_— . — 1 1
(A6) Ai = a Aj, A = aij Aj
Thus, the old coordinate systemrelateswith the new one as follows

x = xY

(A.7) y y°cos  Zz%sin

y%sin + z%cos

N
1

and whenwe substitute Eqg. (A.8) to Eq. (A.4) we have

1 cog sin® .
[ r2EyIx®+ [—5—+r»E, cos + ——+ 2r5Ey cos sin ]y?
n3 n3 n2
sin? ., . CO : »
(A.8) +H{—— + rnEy sin® + 5 2rs1Ey cos  sin ]z
n0 ne
Cos Sin . .
+[ 22———— 2cos sin rpEy+ 2rsE (cos  sin? )]y z=1

ng
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wherex, y, z are the new axes.
In order to diagonalizethe above matrix and return to elliptic form we needto
make the crossterm factor (y z) zeroand that meanswe needa rotation around the

X-axis by

: 1
2cos sin (=

= r»Ey)+ 2r5Ey(cos s )= 0)
Ng N

(A.9) tan2

Sowhenthere is electric eld applied parallel to the y-axis of LINbO3 crystal a eld
dependert rotation of the index ellipsoid around x-axis is created.

The generalequation of the new index ellipsoid in the presenceof electric eld in

the y-axis is

1 cog sin® .

[ r2EyIx®+ [—5— +r»Ey cos + ——+ 2r5 Ey cos  sin ]y?

ng Ng ng

12
sin . co .
(A.10) +[ 5+ T2 E, si® + 5 2rs1Ey cos  sin ]z2=1
0 e

In the caseof y-cut LINbO3 crystal and an electric eld of 57.1kV/m the rotation of

the index ellipsoid around x-axis is
(A.11) tan2 = 1292r ad) sin ' = 3:7 10 *Degees= 6461 ad;cos ' 1

which is very small and all the sin® cortributions can be ignored. The index of

refraction changeswhen an electric eld is applied along the y-axis are

1
3
Ny = Ng+ énorzz Ey

1
(A.12) ny = Ng éng(rzz

n, = Ng+ nlrs; sin E,

+

205 sin ) Ey
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When the electric eld is applied alongthe optical propagationpath insidethe crystal

(Fig. 3), the electro-optic e ect is called longitudinal.

Figure 3: Electric eld is appliedin the direction of optical beam propagation.

In the caseof a y-cut crystal wherethe light propagatesin the y-axis direction
we have

(A.13)

1 . 1
Ninduced = N n, = E(ngrzz 2ndrs; sin ) Ey E(ngrzz 2ndrs; ) Ey
and the retardation createdis
E -
(A-14) y cut = #(nngZ 2r’|2r51 )

Numerical examplesfor this EO setup are givenin Table 2
In the casewherelight propagatesalongthe z-axis (z-cut crystal) and if again

we ignore the small sin®  terms, then we have

— — 3 3 H 1 3 3
(A.15) Ninduced = Ny Ny = (nor22+ Ngrsy SIN )Ey (nor22+ Nglsy )Ey
and the retardation createdis

E
(A-16) z cut — 2 #(n8r22+ r18"51 )
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Wavelength E ectiv e Crystal Length Laboratory Retardation Beam Retardation

in nm in mm in mrad in rad
at 1320nm 5mm Lag =25.1 BEAM =583
at 1320nm 2mm Lag =10 BEAM =233
at 514.5nm 5mm Lag =75.6 seam =1.8 mrad
at 514.5nm 2mm Lag =30.2 sBeam =703

Table 2: Retardation Examplesfor 57.1kV/m applied electric eld E = (0; Ey; 0) on
a y-cut LINbO; crystal

Wavelength E ectiv e Crystal Length Laboratory Retardation Beam Retardation

in Nm in mm in mrad in mrad
at 1320nm 5mm LAB =53 BEAM =1.2
at 1320nm 2mm Lag =21.2 seam =0.5
at 514.5nm 5mm Lag =154.5 BEAM =3.6
at 514.5nm 2mm LaB =62 seam =1.4

Table 3: Retardation Examplesfor 57.1kV/m applied electric eld E = (0; Ey; 0) on
a z-cut LINbO 3 crystal

Numerical examplesfor this EO setup are given on Table 3
In the casewhere light propagatesthe x-axis (x-cut crystal) and if we ignore

againthe small sin> cortribution, then we have

1 .
(A.17) Ninduced = Ny n, = 5[2(n§+ ng)rsi sin + nyra] Ey
and the induced retardation is
Ey\y

(A18) X cut — —[Z(ng + ng) 51 + ngrzz]

Numerical examplesfor this EO setup are given on Table 4
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Wavelength E ectiv e Crystal Length Laboratory Retardation Beam Retardation

in nm in mm in mrad in rad
at 1320nm 5mm LAB =26 BEAM =604
at 1320nm 2mm Lag =10.4 BEAM =242
at 514.5nm 5mm Lag =75.8 seam =1.8mrad
at 514.5nm 2mm Lag =30.3 Beam =705

Table 4: Retardation Examplesfor 57.1kV/m applied electric eld E = (0; Ey; 0) on
a z-cut LINbO 3 crystal

A.3 LiNbOj; Caselll: E = (Ey;0;0)
If the electric eld is E = (Ey; 0; 0) alongthe X-axis, then the generalequation of

index ellipsoid 2.14 becomes:
1., 1., 1.,

(A.19) [SIX°+ [Sly + [S]2°+ 2Xz2rs1 Ex - 2XyrpEx =1
ng ng ng

The above equationis equivalert with the following matrix:

n—lg rooEx IspEx
(AZO) I Ey n_lg 0
51 Ex 0 n_lg

and diagonalizingthis matrix is equivalert to rotating the axesof Eq. (A.19).

In the case,that light propagatesthe x-axis (x-cut crystal) direction, we need
to determine the ellipse formed by the intersection of the plane x=0 (in generalthe
planethat cortains the origin and is normal to the direction of propagation) and the
ellipsoid. One can easily concludefrom (A.19) that there is no induced retardation.

In the casethat light propagatesin the y-axis (y-cut crystal) direction then the

Eg. (A.19) becomes

1 1
(A.21) [n—%] X2 + [n_g] 7+ 2xzr5.Ex = 1
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In order to eliminate the mixed term a rotation about the y-axis hasto be introduced

and the new axesare related with the old onesasfollows

x = x%os Z%in
(A.22) y = y°
z = x%in + z°%cos

When we substitute Eqg. (A.23) into Eq. (A.21) we have

cog sin? cog sin®
A.23 + +8in2 rg E X%+ + sin2 rg Ey]Zz2= 1
( )[ I’l% ng 51 x] [ ng I’l% 51 x]
with the rotation anglebeing equalto
2r5 E
(A.24) tan2 = LSl T
n3 n2

So,whenthe eld is applied parallel to x-axis there is a eld dependert rotation of
the index ellipsoid around the y-axis.
In the caseof 57.1kV/m electric eld on x-axis the angleof rotation of the index

ellipsoid around the y-axis is:
(A.25) tan2 = 1292r ad) sin ' =37 10 *Degees= 646r ad;cos ' 1
If we ignore the small sin® cortribution the induced birefringenceis
— — 1 3 3 ;
(A.26) ninduced - nX nz - é(ne + no) r51 EX S|n2
and the inducedretardation is
EX‘X

(A.27) y cut = [(N2+ nd) rs; sin2 ]

Numerical examplesfor this EO setup are given on Table 5
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Wavelength E ectiv e Crystal Length Laboratory Retardation Beam Retardation

in nm in mm in rad in rad
at 1320nm 5mm Lag =33.6 seam =0.78
at 1320nm 2mm Lag =13.5 seam =0.31
at 514.5nm 5mm Lag =98.4 BEAM =2.3
at 514.5nm 2mm Lag =39.4 Beam =0.92

Table 5: Retardation Examplesfor 57.1kV/m applied electric eld E = (Ey;0;0) on
a y-cut LINbO; crystal

In the casethat light propagatesin the z-axis (z-cut crystal) direction then Eq.

(A.19) becomes
1 2 1 2
(A.28) [SIX+[5]y" 2XyrapEx=1
ng ng
Again arotation about the z-axishasto beintroducedin orderto eliminate the mixed

term. The rotation matrix is

cos( ) sin() O
(A.29) i'()= sin() cos() O
0 0o 1

and the new axis are related with the old onesas follows

x = x%os y%in

(A.30) y

x%sin  + y°cos

z = 2°

ReplacingEqg. (A.31) to Eqg. (A.28) gives

2

1 . 1 .
(A.31) [n_ rpEy sin2 ]x%+ [ﬁ-'- rnEyx sin2 Jy?=1
0 0
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with the rotation anglearound z-axis being equalto

. : 1
(A.32) 1 2siP =0) sii? = é) = 4%
In this casethe rotation of the index ellipsoid 45° about the z-axisis independen of

the strength of the applied electric eld. Thus Eq. (A.31) becomes

1 1
(A.33) [ T2 Ex]x? + [+ 22 Exdy’=1

The induced birefringenceis
(A.34) Ninduced =  Nx n; = ng roo Ex

and the induced retardation is

E N
(A.35) Z cut = 2 X anrzz

Numerical examplesfor this EO setup are given on Table 6

Wavelength E ectiv e Crystal Length Laboratory Retardation Beam Retardation

in Nm in mm in mrad in mrad
at 1320nm 5mm Lag =52.0 Beam =1.2
at 1320nm 2mm Lag =20.8 seam =0.48
at 514.5nm 5mm Lag =151.3 BEAM =3.5
at 514.5nm 2mm Lag =60.5 seam =1.4

Table 6: Retardation Examplesfor 57.1kV/m applied electric eld E = (Ey;0;0) on
a z-cut LINbO 3 crystal



Appendix B

JonesMatrices

Many sophisticatedbirefringernt optical systems,like an electro-optic modulator,
involve the passageof the light through a seriesof polarizersand retardation plates.
Although the calculations for the e ect on the light of one optical elemen is not
di cult[58 ] the samecalculation for many of them can be cumbersome. The Jones
calculus[59 is a powerful 2x2 matrix method in which the state of polarization of
a plane wave is represeted by a two-componert vector, in terms of its complex

amplitudes as a column vector:
0 1

A, € x
(B.1) 1=8 | X
A, €

The Jonesvector is a complexvector, and it cortains completeinformation about the
amplitudes and the phasesof the electric eld vector componert. The electric eld
is chosento de ne the state of polarization becausein most optical media, physical
interactions with wave involve the electric eld. Sincewe are only interestedin the
polarization state of the wave, it is cornvenient to usethe normalized Jonesvector

which satis es the condition that
(B.2) J J=1

wherethe asterisk (*) denotescomplexconjugation.
Eadh optical elemem can be represeted by a 2x2 matrix. Therefore, you can
obtain the overall matrix for any optical systemby multiplying all matrices for the
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elemerts and the polarization state of the transmitted light is computed by multi-

plying the vector represeting the input light beam by the overall matrix. First the

mathematical formulation of the Jonesmatrix method is preseted without derivation

and then we apply it to our electro-optical system.

B.1 Summary of JonesMatrices

Jones Vectors

Polarization State

ComplexVector

Normalized Vector

Linearly polarized wave along ®R-axis AX: ' é
Linearly polarized wave along $-axis ° 0
yp gy A, € 1
Lin. pol. wavein an angle in respect R-axis Axd cos
S A€ sin
Right-hand circularly polarized wave Ax 'e'+ _ pL l.
. . AX el l 1
Left-hand circularly polarized wave Ae = PS5
L . A, € x CcoS
Elliptically polarized wave A€ sin @

Table 1. The polarization state of light using complexand normalized Jonesvectors.




135

Jones Matrices
Optical Element =0 Geneml Case
. 10 cos cos sin
Ideal Polarizer 00 cos  sin sin?
_ with fast axis at © 1 0 cos  isin? cos sin (1+ i)
4 0 i cos sin (1L+i) sin? icos?
. . 1 0 co® sin2
_ 0
> with fast axis at o 1 <in?2 COD
1 0 cog +sin? e’ cos sin (1 e')
0 8 . :
Introd. a phasedelay °, 0 e cos sin (1 e') sin? +cog e
with fast axis at

Table 2: A summary of Jonesmatrices for the most widely used optical elemeits.
The matrices for the generalcaseare obtained from thosefor =0 by using rotation
matrices[6(Q.

B.2 Applying Jonesmatricesfor the caseof EO sensor

The simplest caseof an EO sensoris the seriesof a polarizer, EO crystal and an
crossedanalyzer (which is a crossedpolarizer). This setup is enoughto produce an
intensity modulation asdescriked in section2.5. Now the polarizer can be descriked
with Jonesmatrix for = O (lookin Table2 rst line) while the analyzerJonesmatrix
is obtained from the sameformula but for = 90°. The EO sensorcan be descrited
asaplate that introducesa phasedelay with the fast axisat angle andthat Jones
matrix is shovn at Table 2 last line.

To nd the overall matrix for an EO optical systemwherethere is a small mis-

alignmert angle betweenpolarizer and analyzer (not completely crossed)we need
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to multiply the following matrices:
2 32 32 32 3

90 Ogg cos  sin %2 cos +sin? e cos sin (1 e‘)ggl Og
01 sin  cos cos sin (1 e') sin? +cod e 00

The fact that the angle and the retardation is small means

cos ' Lsin ' ande' ' 1 i
and the overall matrix is:

2 32 32 32 3
20 0%2 1 ggcosz +sin? (1 i) i cos sin %21 Og
01 1 i cos sin sin? + (1 i) cog 00

2 32 32 3
9 0 Oggcos’- +sin? (1 i) i cos sin %91 Og
1 i cos sin sin? + (1 i) cog 00
2 32 3
9 0 0 gg 1 Og
i cos sin +i sin2 1 i cos sin i cog 00
3
0 0
(B.3) -8 Z
i cos sin +i sin?2 0

The polarization state of the transmitted light is computedby multiplying the vector
represeting the input light beamby the overall matrix (Eq. B.3). Usually the input
is a linear polarizedlight at an angle with respect the axis of the crystal and nal

polarization state is:
2 32 3

§ 0 Cz§ M 1

i cos sin +i sin? 0 Ay €
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2 3

. 0
(B.4) = A€ g £
i cos sin +i sin?

The intensity of the transmitted light exiting the analyzeris:

2 3

| = jAj%2 2+ 2 2sin® + 2cod sin? +2 2sin® cos
) I =1, 2+ 2( 2%sin* +cog sin? + 2 sin® cos)
(B.5) Y I =1, 2+ ?2sin? (cos + sin )?

For the derivation of the above equationfor the transmitted light the ideal polarizer
Jonesmatrices were usedwhereasin reality no sud thing exists. Somelight always
exits the analyzer and that amourt depends on the optical quality of the system
known asextinction ratio 2. Thus another dc term hasto be addedto the equation

above to become:

(B.6) Y I =1, 2+ 2+ 2sin? (cos + sin )?

To ched if the result presened is correct we examinethe casefor =0 and we get:
(B.7) | =1, 2sin? co¢

while from chapter 2, section2.5 for the samecasetheory predicted (Eq. 2.16) that
2

| = 1,sin?(2 ) sin?="' 1,(2cos sin )? >

2
(B.8) ) 1 =1, 2%sin? cog

Both equationsB.7 and B.8 are the sameand the result presertied in equationB.6 is

correct.



Appendix C

Polarization Maintaining Fiber

Optical b ersare circular dielectric waveguidesthat cantransport optical energy
and information. They have a certral core surroundedby a cladding with slightly
lower (by 1%) refractive index. Sincethe core hasa higher index of refraction than
the cladding, light will be con ned to the core provided that the angular condition

for total internal re ection is met.

Figure 1. The acceptanceangle , whenlaunching light into an optical b er.

If the b er coreis large enough,it cansupport many simultaneousguided modes
and this is what is called a multi-mode b er. A mode refersto the spatial power

distribution of light guided within the b er.
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Figure 2: A mode with two orthogonal polarized componerts ertering a b er.

The fundamertal mode which propagatesin a single-male b er is a degenerate
conbination of two orthogonally polarized componerts as you can seein Fig. 2. In
a corvertional single-male b er, these componerts travel with the same velocity
and soervironmertal disturbances,like changesin b er position or temperature, can
causeenergyto couple from one componert to the other, resulting a nal output
polarization that varies with time. To addressthis problem, seweral manufactures
have deweloped polarization maintaining (PM) b ers. These b erswork by inducing
a birefringencewithin the b er core.

Birefringencemeansthat there is a di erence in the propagation constart of light
traveling through the b er for two perpendicular polarizations. This birefringence
breaksthe circular symmetry in an optical b er, creating two principal transmission
axeswithin the b er, known respectively asthe fast and slov axis of the b er. As a
result the two componerts travel at di erent velocities and so preverts the inadver-
tent transfer of optical power from oneto the other. The higher the birefringence,
the greater is this velocity di erence and the more strongly will the b er presene

polarization. Commercially available PM b erswill maintain polarization isolation
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over 30dB (1000:1) between the two axes. Birefringenceis created within a b er
either by forming a non-circular b er core (shape induced birefringence) or by in-
ducing constart stresseswithin the b er with stressapplying parts (stressinduced
birefringence)sothat any external stress,within reasonablédimits, would not a ect

the polarization. For examplesof commercially available PM b erslook at Fig. 3.

Figure 3: Examplesof commercially available polarization maintaining b ers either
with shape induced birefringence(Oval Core) or stressinduced birefringence (Bow-
Tie, Panda, Oval-inner Cladding).

Providedthe input light into aPM b erislinearly polarizedand oriented alongone
of thesetwo axes,then the output light from the b er will remain linearly polarized
and aligned with the principal axis even when subject to external press. How well

a PM b er maintains polarization dependson the input launch conditions into the

b er. The most important factor is the angular alignmert betweenthe polarization
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axis of the light with one of the axis of the b er.

Assumethat we have a perfectly polarizedinput light beaminto aideal PM b er,
misalignedby an angle . Becauseof this misalignmen, a small amourt of light will
be transmitted to the other axis and this will degradethe extinction ratio (ER) of

the output beamas follows
ER 10 log(tan? )

Under certain conditions a PM b er can act as a polarizer so carein the design
of an experimert is needed. Each singlemode b er, like the PM b er, hasa cut-o
wavelength which is the shortest wavelength at which single mode propagation will
occur within the b er. Each axis of a PM b er has a di erent fundamertal mode
cut-o wavelength. The cut-o wavelength of the fast axis is shorter than that of the
slow axis. For operational wavelengthsbetweenthe two cut-o wavelengths,light will
be propagatedby the slow axis and attenuated by the fast axis. There are available
polarizing b ersthat are designedto maximize this e ect so they can be used as

in-line polarizers.



Appendix D
Multimo de Fibers

The multimode b ers have large enough core (typically 50m , but multimode
b ers with core up to 600m do exist) that when a light pulse is coupledinto a
multimode b er its power is distributed among all modes. The number of modes
propagateddependson the core sizeand numerical aperture (NA). As the core size

and the NA increasegshe number of modesincreases.

Figure 1. Geometry refractive index pro le, and typical rays in: (a) a multimode
step index b er (typical core diameter 50m ), (b) a single mode b er (typical core
diameter5m ), and (c) amultimo de gradedindex b er (typical corediameter50m ).

As you can seein Fig. 1 besidesthe singlemode b er (look Fig. 1(b)) there are
two kinds of multimode b ersdepending on their refractive index pro le. The most

commononeis the stepindex b er which hasa refractive index pro le that resenbles

142



143

a step and hencethe name. As you can seeat Fig. 1(a), eady mode travels with

di erent group velocity inside the b er and as result when a short pulse of light

Figure 2. Pulse spreadingcausedby modal dispersion.

travelsthrough this b erits power is dispersedin time sothat the pulse spreadsinto
a wider time interval (look at Fig. 2). This phenomenonis called modal dispersion.
Another kind of multimode b eristhe graded-index b erwhosecorehasa variable
refractive index, as you can seeat Fig. 1(c), which is highest in the certer and
degrading gradually to its lowest value at the cladding. Thus, the group velocity
of light is therefore minimum at the certer and increasesgradually with the radial
distance. But modes(rays) at the certer travel the shorter distance at the smallest
group velocity and modesat big anglestravel longer distancesmostly in a medium
wherethe groupvelocity is high. Thus, the disparitiesin distancesare compensatedby
oppositedisparitiesin group velocities. Index grating, after all, is aningeniousmethod
for reducing the pulse spreadingcausedby the di erencesin the group velocities of

the modesof a multimode b er.

D.1 Modal Dispersion
The modal dispersion is the dominant causeof pulse spreadingin multimode

b ers. The dierence in velocity of extreme modes determinesthe magnitude of
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pulse spreadingas follows[6]:

L L

g(min ) g(max)

(D.1) =

whereL is the b er length and ¢ is the mode group velocity. For the step index

multimode b ersthis approximated to the following, very widely used,formula:

Nclad
D.2 L
(D.2) >

wherec is the speedof light and is the normalizedindex di erence which is equal
to

2 2
(D.3) - Ncore  Nalad Ncore  Nclad

2NZre Ncore

The appraximation in Eq. D.3, arisesfrom assumingthat nq. is very closein value
to ngag Which is almost always true. For the graded index multimode b er the

appraximation to the pulse spreadingrate (Eg. D.1) is

Ncore 2
D.4 — L
(D-4) 4c

whereN e IS the coreindex of refraction at r=0. It is evidert that the gradedindex
multimode b er provides a reduction in pulse spreadingrate over a step index b er
having the same , by afactor of =2.

For a typical stepindex multimode ber = 0:01and ng, = 1l:46resulting a
pulse broadeningrate of

ns

(D.5) =

— =24
L
while for the same b er but gradedindex, the pulse broadeningrate is
pS

= 122—

(D.6) T o
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