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Abstract:
Atomic coherence-state phase conjugation is studied via optical coherent transient phenomena, in
Tm+3: YAG. The theoretical framework is a semi-classical perturbative approach to time-domain wave
mixing in an inhomogeneously broadened two-level atomic system. Phase conjugation occurs between
coherence-state pathways associated with the stimulated photon echo and the so-called ‘virtual’ echo.
The pathway associated with the virtual echo is experimentally shown to exist for causal time domains
through its coherence decay and optical processing relations to the stimulated photon echo pathway. A
conjecture is presented which links phase conjugation to a correspondence symmetry between spatial
and frequency holography. 
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A BSTR A C T

A tom ic coherence-state phase conjugation is studied via optical coherent transient 

phenom ena, in  Tm +3: YAG. T he theoretical fram ew ork is a sem i-classical perturbative 

approach to tim e-dom ain w ave m ixing in an inhom ogeneously broadened tw o-level 

atom ic system . Phase conjugation occurs betw een coherence-state pathw ays associated 

w ith the stim ulated  photon echo and the so-called ‘v irtua l’ echo. T he pathw ay associated 

w ith the v irtual echo is experim entally  show n to ex ist for causal tim e dom ains through its 

coherence decay and optical processing relations to the stim ulated photon  echo pathway. 

A  conjecture is presented w hich links phase conjugation to a correspondence symm etry 

betw een  spatial and frequency  holography.
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C H A PTER  I 

IN TR O D U C T IO N

T he investigation  o f resonant interactions betw een ligh t and m atter has 

i l lu m in a te d  dynam ics w hich m ake it possible to store and process the  spectral (energetic) 

character o f light in  a crystalline environm ent1"9. This is achieved through a quantum  

m echanical analog to traditional spatial holography, know as spatial-spectral holography 

(S-S-H), or tim e and space dom ain holography. The spectral inform ation o f a coherent 

‘ob ject’ light pulse is stored in the absorption spectrum  of an inhom ogeneously 

broadened tw o-level atom ic system '(IB A ) by  interfering  it w ith a b rie f ‘reference’ pulse 

inside the m edium . A  spatial-spectral population grating ensues, w hich m ay be 

illum inated  at a later tim e by a b rief ‘reca ll’ pulse. The recall pulse stimulates a 

coherence-state evolution that em its a tim e-dom ain replica of the object pulse. This 

spatial-spectral holographic even t is !mown as the stim ulated photon echo (SPE)

M otivation

In  the m athem atical form ulation w here the SPE is considered an optical coherent 

transient (OCT), the coherence-state stim ulated by  the recall pu lse  contains m ultiple 

term s that are conjugate in  their phase evolution. These term s correspond to pathw ays of



the m ed ium ’s response to w aveform  perturbations. O ne set o f the coherence state 

pathw ays corresponds to the SPE event, w hile the other set appears to prom ote an echo 

event prior to the recall pulse, know n as the ‘v irtua l’ echo (V E ). T he VE, being a non- 

causal event, does not exist. This set o f coherence-state paths, called here the virtual 

coherence (VC), was first postulated in  spin echo studies o f m agnetic resonance 

phenom ena10.

A lthough the V E  does not exist, the research presented in  this thesis indicates that 

after pulse 3, the m edium  evolves in  every w ay as i f  the virtual echo had  occurred.

A  quantified  relationship betw een the phase conjugate sets o f coherence state 

pathw ays has, w e believe until now, not been  dem onstrated in  a solid material. In an 

aqueous m edium  it is possible to heterodyne (phase) detect portions o f both the SPE and 

V E 11. H ow ever, these m ethods are fundam entally  lim ited  in  their ability  to detect full 

echo events associated w ith the conjugate coherence-state pathw ays and are not in  

general applicable to a solid-state m edium 12.

In this study, echoes resulting from  the conjugate paths are recorded and 

characterized in a crystal lattice environm ent. U nlike the m easurem ents of reference 

[11], fu lly  rephased stim ulated echo signals are detected. This is achieved through a six 

w ave-m ixing technique that introduces another pulse into the m ed ium  after the SPE. 

This has the effect o f inverting the phase evolution o f the coherence-state pathw ays such 

that echo signals associated w ith all pathw ays are produced. The conjugate  pathw ays are 

characterized through  their six-w ave m ixing signals. .
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T he organization o f this thesis is as follow s: in  chapter 2, theoretical 

considerations, beginning w ith a general overview  o f spatial and spatial-spectral 

holography, are introduced. T he rem ainder of chap ter 2 develops tim e-dom ain  four-wave 

m ixing theory (TD 4W M ). This approach illum inates the m ultiple  pathw ays of the 

m ed ium ’s response to optical w aveform  interaction. Experim ental techniques and 

considerations are presented  in chapter 3 along w ith results. C hapter 4  concludes the

thesis.



CH A PTER  2

THEO RY

Spatial H olography

In classical (spatial) thin film  holography, the interference pattern of two beam s 

(object and reference), is recorded in the absorption spectrum  of a holographic m edium 1' 

(see F igure 2.1).

E  R e f e r en c e

Figure 2.1: The interference between object and reference w aveform s is recorded in

the holographic m edium.



5

T he prim ary distinction betw een holography and photography  is that the 

ho logram  is able to spatially  store the phase relationship betw een the tw o beams. The 

interference pattern  is stored in  the intensity  profile o f the m edium . 'In com plex notation 

the interference term s o f the intensity  profile are conjugate in  phase, ensuring that the 

intensity  and recorded  interference grating is real:

F + E
r e f e r e n c e  o b j e c tI n t e n s i t y  =

= E 2 + E 2 + E E e i<Preltt,ivAx) + E E  e~ itprelalivê
( I)

T he holographic im ages are form ed by  scattering a third  'reca ll ' beam  (identical 

to the reference beam ) through the m edium . This beam  w ill scatter into two first order 

w aveform s representing  a recreation o f the object w ave and a  w avefront that is phase 

conjugate to the object.

T he electric field  am plitude o f the output m ay  be  expressed as:

T r a n s m i s i o n  [ n o n - d i f f r a c t e d  t e r m s ]

+ E  +  E  ^ E  -
(2 )

Equation  (2) assum es that Erecall = Ereference -  Erei<PrM. The tw o diffracted term s of

Equation  (2) are phase conjugate w ith respect to the object w avefront. The scattered 

w aveform s are know n as the real and virtual im age. The virtual im age spatially diverges 

away from  the hologram , appearing to converge behind  the scattering center. The real 

im age converges to produce an inverted  (pseudoscopic) recrea tion  of the object 

w avefront, as depicted in  F igure 2.2.
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F irs t  o rd e r  v ir tu a l im a g e  Z e ro  o rd e r  n o n -d if f ra c te d

Figure 2.2: Illum ination of the hologram  at a later tim e by a ‘reca ll’ beam  (identical to

the reference beam ) results in two first-order diffracted waveform s.

Spatial-Spectral H olography

In spatial-spectral holography (SSH), also known as tim e and space dom ain 

holography, the interference o f object and reference pulsed w aveform s is recorded as a 

frequency dependent absorption spectrum  of the spectral holographic medium. This is 

achieved by separating the object and reference pulses in time by a delay, t 2\. At a later 

tim e, a ‘recall’ pulse interacts with the spatial-spectral holographic grating and a 

reproduction o f the object pulse is emitted, T2I later. The delayed w aveform  is known as 

the stim ulated photon echo (SPE). The tim e delay behavior o f the echo event is related to
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the spatial-spectral holographic m edium  being inhom ogeneously broadened in its 

electronic absorption spectrum.

Spectral B roadening

A crystal lattice, having defects and irregularities, provides slightly different 

electronic potential environm ents to the active guest ions, serving to statically  perturb 

their electronic energy states. The ensem ble o f dopant ions then have a spectral 

absorption profile broader than the ‘natu ral’ hom ogenous profile o f a single ion 

em bedded in an ideal m atrix. The system  is then inhom ogeneously broadened as 

depicted in Figure 2.3.

F igure 2.3: Individual absorbers experience slightly different lattice environm ents

resulting in a shift o f their resonant energy (above). The overall effect is an 

inhom ogeneous broadening (below).
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D ue to the random  nature o f the inhom ogeneous broadening, the absorption 

profile is m odeled  as a G aussian distribution w ith linew idth A/i, w hereas the 

hom ogenous profile, due to dynam ic perturbations and uncertainty, is m odeled as a 

Loren tzian  distribution w ith linew idth A/k-

B oth the static inhom ogeneous broadening and the dynam ic hom ogenous 

broadening contribute to the SPE event, b u t in  very different ways. T he hom ogenous 

contribution prom otes irreversib le dynamic relaxation processes and w ill be considered in 

C hapter 3. The inhom ogeneous broadening prom otes coherence-state dephasing 

(inhom ogeneous dephasing) betw een the various frequency  com ponents o f the object 

pulse. This inhom ogeneous dephasing is crucial to  the tim e-delayed behav ior o f the 

spatial-spectral holography. In  order to understand how  inhom ogeneous broadening is 

responsib le  fo r the tim e delay of the echo, w e view  the entire process as tim e-dom ain 

four-w ave m ixing.

T im e-D om ain  Four W ave-M ixing

T he t im e-d o m a in  four w ave-m ixing process o f this w ork  introduces 3 input 

w aveform s to interact w ith a nonlinear m edium , w hich then em its a new field, the 

response o f the system . T he SPE is one such tim e-dom ain four-w ave m ixing (4W M ) 

signal. A  typical input schem e in a SPE experim ent consists o f th ree  tem porally unique, 

angled pulses spatially  overlapping in an in teraction  volum e o f the IB A. (see F igure 2.4).
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D  e t e c t o rI n p u t  s e q u e n c e

S a m p l e

T 3 2  T  2 1

Figure 2.4: A possible tim e-dom ain four-w ave m ixing input schem e for a stimulated

photon echo experim ent. The detector is placed according to the spatial phase-m atching 

conditions.

The first two input pulses, with wave vectors k , and k 2 respectively, interfere in 

the IBA causing a spatial and frequency dependant absorption grating with period 1/t 2i , 

where T2 1 is the tem poral delay between pulse one and two. Pulse I creates a coherence- 

state in the m edium . The Fourier lim ited energy spectrum  of pulse I interacts resonantly 

with the inhom ogeneously broadened dopant ions o f the !BA. The hom ogeneous 

frequency com ponents o f the coherence-state have an oscillating phase evolution with 

frequency proportional to their resonant transition. Because of this, the inhomogeneously 

broadened ensem ble undergoes relative dephasing, called inhom ogeneous dephasing. 

The reference pulse then takes the inhom ogeneoulsy dephased coherence-state and 

converts it to a spatial-spectral population grating at T2 1 after pulse I. The delay T2,, m ust 

be less than the dephasing relaxation param eter, T2 = 1/27tA/h (Te. the characteristic time 

in which the coherence state loses its w ell-defined phase relation due to dynamic
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(hom ogeneous) relaxation processes and greater than the inverse  inhom ogeneous 

linew idth, T21 >1/ A /i14 The spatial-spectral grating now  contains inform ation  about the 

interference pa ttern  (including tim e delay) o f the two pulses, stored in the pow er 

spectrum  o f the !B A, given as:

-  K ( / ) r + I ^ ( Z ) I ' , o )

w here p  is the density operator (see reference [15] fo r a detailed discussion of the density 

operator.).

T he persistence o f the grating depends upon the upper sta te lifetim e of the 

m edium , know n as T i (assum ing other grating decay m echanism s are ignored).

A  th ird  pulse is then introduced at tim e t3 < T 1. This pulse stim ulates an evolving 

coherence state from  the spatial-spectral grating that is in  the process o f inhom ogeneous 

rephasing. T he  effect o f the inhom ogeneous dephasing that occurred during the first tim e 

period is elim inated  by  the inhom ogeneous rephasing  at T21 after pu lse  3. This m eans the 

inhom ogeneously evolving atom ic coherence-state then has its relative phase equal to 

zero and the SPE is em itted, so long as the input w ave vectors satisfy spatial phase 

m atch ing  conditions.

T he third  pulse also stim ulates another set of coherence-state pathw ays. T hese 

pathw ays continue the process of inhom ogeneous dephasing, estab lished  during the first 

tim e period, such that if  tim e w ere run in  reverse  they  w ould re-phase at r 21 before pulse 

three. This set o f pathw ays is associated w ith the  previously m en tioned  virtual echo and 

does no t in  general contribute to an echo signal. H ow ever, as w ill be shown in the 

fo llow ing sections, there is no violation of causality  in  this description. T he two sets of
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coherence-state pathw ays are phase conjugate to each other in their evolution as depicted 

in F igure 2.5.

Inpu t Pu lse

C oheren t R esponse

Inhomogeneous

Phase(t)

Figure 2.5: T im e dom ain four-w ave m ixing and corresponding coherence-state phase

evolution.

The tem poral delay in spatial-spectral holography introduced  as a variant from  

spatial holography establishes a tem poral rephasing condition on the SPE event through 

the inhom ogeneous broadening m echanism  (i.e. an echo occurs only w hen a coherence 

state evolves in a rephasing manner).

In order to m athem atically  understand the conjugate nature o f the coherent-state 

pathw ays associated with the SPE and VE, we review time dom ain 4W M  in terms of 

atom ic response function theory (see reference [16] for an extensive  overview of 

response function theory).
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Pathw ays o f the A tom ic Response

C onsider a tw o-level atom ic system  w ith excited electronic eigenstate |e >, and 

ground state |g >. T he atom ic density operator m ay be expanded in  this basis as:

In  its m atrix  form ,

X f ) =  E  X m ( f ) |4 ( ^
n-Qyg
m=e,s

(4 )

x ( f )  A ,(f)j
(5 )

the diagonal term s represent populations and the o ff diagonal represent coherence-states 

o f the system . T he density operator is H erm itian, i.e, p eg(t) = p ge* ( t ) , or in  terms of

static operator notation, | e ) ( g  | =  [] g)(<?|]f .

In  quantum  m echanics observables have real eigenvalues and are expressed by  

H erm itian  operators. The use  o f com plex num bers in  Q M  is seen to be an essential 

feature o f the theory17. In this section it w ill be show n that the H erm itian condition 

forces the system  into pathw ays and in  the nex t section it w ill be show n that in order to 

describe the  system  in  full, all paths m ust be accounted for.

In this section, w e w ill graphically depict how  a first order w aveform  statically 

effects the tw o level system . The follow ing sections w ill address the dynamic tim e

evolution.
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T he electric field  takes the form:

E(r, t) =  e(t) exp[z'.(k • x  -  cot)] + s* (t) exp[-z'(k • x  -  cot)]. (6)

A  first order perturbation  m ay take a sm all portion  o f the population and create a 

coherence-state or convert a sm all coherence state into a population (i.e. in  equation (5) 

diagonal elem ent ->off - diagonal, and vise versa). If  the state is in itially  pure:

= k ) ( z | -  (?)

It can be  perturbed  into

= k ) ( 2 | (8)

or

(?)

T he tw o H erm itian  conjugate coherence-states of equations (8) and (9), can be 

view ed as resulting  from  the perturbing w aveform  interacting w ith  the  density operator. 

This in teraction  is diagram m atically  expressed w ith the double-sided Feynm an 

diagram s12, 16. T he u tility  o f these diagram s is in  view ing the pathw ays in which the 

system  m ay evolve.

D ouble-sided Feynm an D iagram s

W hen an electric field  envelope expressed  in com plex no tation  perturbs the 

H erm itian operator, p , the effects m ay be graphically depicted. In  F igure 2.4, tw o 

parallel lines together represent the ket-bra descrip tion o f the static portion  o f the density 

operator. A n arrow  in tersecting one of the lines at a given tim e represents a tim e ordered
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in teraction  w ith the rad iation field. A t this point, dynam ic evolution o f the system  is not 

addressed, sim ply the static effects o f the interactions.

A

I ket >  <  bra |

e m is s io n  o f  £  j e  J 3 ^ J *  e m i s s i o n  o f  £ ^
i ( k j X - Q ) j t )

tim e
a b s o rb t io n o f  Sj e {k]X

a b s o rb t io n  o f  Sj e l{kjX c0ĵ

Figure 2.6: Interaction o f the density operator w ith perturbative w aveform s is

graphically depicted  by double-sided Feynm an diagrams.

In F igure 2.6, an arrow pointing right constitutes an in teraction  w ith Sj^  “°it+,kl r) ,

and an arrow  pointing left is a contribution from  i t ’s conjugate, s*je i>a>1‘ ‘*j r ) . Arrows 

pointing into (out of) the diagram  represent stim ulated photon absorption (emission).

This graphical description w ill be fo llow ed through three  tem porally iso lated 

perturbations so as to view  the nature of the pathw ays that the system  undergoes in  a 

typical SP E  experim ent. A  m ore rigorous treatm ent o f the pathw ays and how the echo 

phenom enon occurs w ill be given in  the follow ing sections.
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The effects o f the first w aveform  pertu rbation on the ground state system  is 

diagram m atically  expressed in  F igure 2.7.

A
A  A

4  4

t i  —

t i m e

e >  <  g I

I g>  < g I

g >  < e

g><g

Figure 2.7: The double-sided Feynm an diagram s for a first order perturbation.

T he tw o diagram s in  F igure 2.6 represent the system  being perturbed from  an 

in itial ground population state, into both an excited-ground {Peg=\e) (g \ )  and ground-

excited  ( p ge = |g ) ( e | )  coherence state. This occurs due to  the absorption of

^ gC-Zay-Kir Oby tlie ket and tke absorption o f £*je {l(0̂ lkrr)by  the  bra.. In  a statistical

in terpretation o f quantum  m echanics both paths are taken.

W e note that there is the possibility  fo r tOj to com bine w ith the resonant transition 

o f the m edium , cosg, in  a h ighly  oscillatory m anner. In this case, it w ould  be possible for 

the absorption (em ission) o f a photon corresponding to a transition  from  the excited to 

ground (ground to excited) electronic states. H ere, we are only considering the resonant
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effects and ignore this highly oscillatory contribution. This is the so-called rotating w ave 

approxim ation (R W A ).

W hen the system  is pertu rbed  by  another w aveform  at tim e ta, both diagrams o f 

F igure 2.7 again have m ultip le paths. The w aveform  m ay affect bo th  the bra  and the Icet 

portions o f the system , giving rise to either absorption or em ission o f a photon, w hich 

results in  the coherence-states being  converted into populations. In  this description, the 

system  is considered  to follow  both pathw ays, so in  general the tw o diagram s of F igure 

2.7 each contribute to an excited state grating { p ee = |e ) ( e [ )  and a ground state grating

( P gg = |g ) ( g | )  as show n in F igure 2.8,

A  I \  I

I e x  g I I g > < eI

I g x g  I I g > < gI

t2-

tl-

t im e

( \
A A A A

e> < e

I e> < g !

I g>  <  g I

| g > < g |

I e>  <  g  I

| g x g |

t

,— ‘— ,

| e x e |

I g x e l

I g x g l

t

IgXg I

I g x  e I

I g x g l

/

S

Figure 2.8: T he double-sided Feynm an diagram s for a second tim e orderd

perturbation.
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Follow ing the sam e reasoning, each of the four pathw ays o f F igure 2.8 w ill 

bifurcate again w hen the system  interacts w ith another pulse at tim e t3 (see F igure 2.9and 

Figure 2.10). This process is identical to the initial perturbation depicted  in  F igure 2.7. 

T hese eight diagram s represent the pathw ays o f the atom ic System in a tim e-dom ain four-

w ave m ixing process.

t2- 

tl-

tUTE

| e x e | |gxg|

|e><g|
S

le> < g |

y i
|g><g|

A

V v
|g><g|

A
i l

|e><g|

/ <
|g><e| IgxeI

s /

|e><e] | e x e | |gxg|

K A

| e x g | S | e x g | S |e><g I

J ■|g><g| |g><g| |g xg | ■ J

Rl
-

R*2 R*3

Figure 2.9: T he double-sided Feynm an diagram s fo r tim e dom ain four-w ave mixing.

The eight diagram s of F igures 2.8 and 2.9 create conjugate half spaces labeled R1-R4 and 

R * l-R *4 .
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t2- 

tl-

t i n e

y

e><e

|g><e|:

|g><g|
K

y

^ I
i  /

^ i
i  / i  ( A

I GXgi
|g><e| |g><e|

| e x e | | e x e | |g><g| '

/ |g><e| / |g><e| , |g><e|

|g><g|
K

|g><g|
n

|g><g|

R*1 R*4

Figure 2.10: T he double-sided Feynm an diagram s for tim e dom ain four-w ave m ixing.

T he eight diagram s o f F igures 2.8 and 2.9 create conjugate ha lf spaces labeled R1-R4 and 

R * l-R *4 .

T he double-sided Feynm an diagram s fo r tim e-dom ain four-w ave m ixing in a tw o 

level system  are labeled  w ith R  values because, as w ill be show n in  the nex t section, they 

are graphic representations o f the atom ic response functions. T he e ight diagrams R1-R4 

and R * l-R * 4  express the entire response and create conjugate half-spaces. This is seen 

by  flipp ing R 1-R 4 diagram s about a vertical axis, replicating the R * l-R * 4  pathw ays;
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effectively sw itching every interaction w ith e ; e ( iajit+lk,'r) to £*Je0aijt lkj'r) and vise versa, 

fo r a given diagram .

T he diagram s also give the phase m atching, frequency m ixing, and field envelope 

term s o f the 4W M  signal. The arrow s for each pathw ay rela te such inform ation by  

reading  o ff the sequence o f w aveform  contributions. Fo r exam ple, R 2  and R3 have

contributions from  e*ie0“lt~lll'r}, £2e ^ Whl+ll2'r) and £zehWhHllz'r) sequentially. A lthough the 

individual tim e ordered physical processes fo r R 2  and R3 are different (i.e. absorption 

and em ission) the phase m atch ing  and w ave m ix ing are the same. This is sum m arized for 

all eight pathw ays in  table I.

Table I: Paths, w ave-vectors and envelope m ixing  for resonant TD 4W M .________

PA TH W A Y PH A SE M A TC H IN G W A V E-M IX IN G

R 1 ,R 4 !(signal — kl-k2+k3 S iS  2S3

R 2 ,R 3 k  signal = k2-k l+ k3 S ^ S 2S 3

R *l, R*4 "k signal = -ki+ka-kg S 'iS z S 's

R*2, R"3 -k  signal = ki-k2-k3 S iS 'iS 'g

In the fo llow ing analysis, we w ill only be concerned w ith the R 1-R 4  pathways. In 

the end, all paths m ust be considered in order to have a real output. In order to 

understand  how  the various pathw ays undergo the dynam ic tim e evolution associated 

w ith the re-phasing condition o f the SPE and the de-phasing condition associated w ith the 

VC, we next investigate  the tim e evolution o f the atom ic response. This m athem atical 

form ulation w ill lead naturally  to the pathw ays graphically depicted  by  the double-sided



20

Feynm an diagram s o f this section, as w ell as m otivating the resulting  m acroscopic 

polarization responsib le  for the 4W M  signal.

G reen Function Perturbative Expansion

In a m athem atical sense, G reen functions are solutions to  the partial differential 

equations o f physics w ith a D irac delta function as a driving term . G reen function 

analysis is one o f the m ost general and encom passing form ulations o f physics, insofar as 

its usefulness in  describing a system  evolving under a perturbative interaction. This is 

because a delta function im pulse  is a m athem atically  fundam ental perturbation.

In  quantum  dynam ics, operators either act to describe the functional evolution of 

a system  (Schrodinger picture), or they evolve them selves, describing that aspect (the 

operator) o f the system ’s evolution (H eisenberg picture). T he tim e evolution  operator of 

quantum  dynam ics,

17(f,r0) = e x p [~ .H r(? -f0)] (10)
n

w hen operating on a system , describes the propagation  o f that system:

\a ,t0,t) = U (t,t0) \a ,t0) (11)

In the H eisenberg  picture the system  is entirely described by  the evolution of the 

tim e evolution  operator, w hich obeys the Schrodinger equation.

# c /(f ,?o ) (12)
at

H ere H  represents the H am ilton ian of the system  Hr = Hr0 +  H 7 ( f ) .
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The tim e evolution  operator m ay be decom posed as U (/:, t0) = U0 (T)U1 (t,) . W here T is 

the tim e period betw een  interactions and tl is the tim e o f the interaction.

In tim e dom ain w ave m ixing, we w ant to find  U(t,to) fo r in teraction  potentials 

(TT/s) applied  at different tim es. To this end we rely  on the solution know n as the D yson 

series17 w hich describes the system s behavior under tim e ordered interactions.

~ f  i Y  r°° r~ (1 3 )

S  T  J0 d t2i]0 ^ 32-Jo d ^ - O ljO - O h I (O -U o(h i W i (k W o ( ^ d n i (tJ Jo (tVt0)

E quation(IS ), applied to the initial state, describes the evolution  o f the system  

after n, non-com m uting, tim e ordered perturbations.

S
J ” Jt 21 [ d,T32...j  ̂ d(t tn)U0(t tn)H!(tn)...U0(T32)H!(t2)U0(T21)HI(t1')UQ(t1 0̂)]

(14)

T he first term  in  the series expressed b y  equations (13) represents the zero order 

state. N ext, the interaction potential is coupled to the zero order term ; considered a first 

order perturbation. T he nex t term  describes, in  full, a second order perturbation; coupling 

the first order pertu rbed  term  to another perturbative potential. T he expansion goes on 

describing h igher orders o f perturbations.

The principle o f com position states that a tim e translation m ay be  broken up into 

‘sm aller’ consecutive translations as,

a , Z0, ^ )  =  [ /( fa .fJ E /  ( f i ,f0) | a , f o ) . (15)

so long as the tim e ordering is consecutive.

D ue to the nature o f quantum  m echanical tim e and energy param eter relations, 

(i.e. uncertainty, Fourier relations), we expect the tim e evolution o f such a system  to be 

related to the energy evolution. To this ex ten t the retarded  Q M  G reen function is 

introduced in term s o f the quantum  tim e evolution operator as,

G (T t0)= 0 (t-to)U (t,to) . ( 16)



H ere, 9{<u) is the H eavyside step function ( 9 (T)=I fo r r  > 0;9(t )=0 fo r t <0 ). N ote that 

the presence o f the H eavyside step function in the G reen function  ensures that the 

response o f the quantum  system  to ,a  perturbative im pulse is causal.

T he corresponding green function equation  is:

. ' ( I? )
at

Equations (16) and (17) illum inate  how  a delta function in the in teraction  perturbation, 

represents a step function in the tim e evolution o f the  system.

T he tim e-dom ain G reen function transform s into a frequency  dom ain entity 

through the L aplace-Fourier re la tions16,17:

G (f-fo ) = - - ^ 7 d E e x p [ - lE ( f - r J ] G ( E )  (18)
2 m  J Ti

■ G(E) = - J  j  d t G ( t - t 0) e x p [ ^ E ( t - t 0)]

w here the frequency  dom ain G reen function takes the form:

I
G (E ) =

E - H  + is

(19)

(20)

In  order to understand  the ro le  that the G reen function propagato r plays in  the 

dynam ics o f the atom ic response, we next consider the Schrodinger equation  in L iouville 

space w ith dam ped-driven dipole interaction in a tw o level atom ic system .



Evolution

T he tim e dependent Schrodinger equation o f m otion (SE) governs the evolution 

o f a quantum  system  interacting w ith potentials. T he quantum  system  o f interest is the 

tw o level atom  interacting w ith a perturbative w aveform  coupled through the dipole 

potential.

A

E n e r g y

e  >

| g >

Ej (r, t) = Sj ($) QxpliikjX-CQjt)]+

Sj (t) ̂ [ -K k jX-COjt)]

Figure 2.11: A n optical w aveform  interacting w ith a tw o level atom ic system.

The L iouville  space Schrodinger equation describes the evolution of the atomic 

density operator

2 ^ - =  -  A - C  p  . (2 i)
a t  Ti

H ere, the Schrodinger equation is of the sam e form  as w hen it acts on a quantum  

m echanical w ave function, bu t is now  governing the evolution o f the density operator. 

This approach to the evolution o f the density operator highlights the interchange betw een
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coherence-states and populations. F or an extensive treatm ent o f the Schrodinger equation 

in  L iouville  space see reference [16].

T he density operator is  now  in vector form,

I P O )) =
p«0)

P ;« 0 )

P « ,0 )

(22 )

T he energy (atom ic and interaction) is now  described through the L iouville super­

operator, X , w here each elem ent o f a 4  by  4 m atrix  is defined through  its action on a 

H erm itian  operator.

£  = X 0 + X int ( f ) . (23)

X ittX f )  =  E , ( f ) T (24)

^ p = [ V ,p ] (25)

In  equation (23), -C0P = [ H 0, p ] , and the interaction super-operator, T ,

couples the four density states (pgg, p ee, p eg, p Se) to  each other( the electric field  o f 

equation (24) is real).

rV T - T T
S B ,  S S S S , e e S S  , e g S B ,  S e

T T’ee,gg ae.ee ee.eg ee.ge

- T T rV T
e g ,  S S ez.ee eg.eg eg.ge

T
S e ,  S S

-rVge.ee Tge.eg q /ge.ge

T he m atrix  elem ents o f equation (26) are operators defined by  their action:

(26)

lCjkjrmPmn ^jmPmn^kn P m iy  kn^jm (27)
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E quation(27) is the L iouville  expression for the com m utation relations. This operation 

couples the initial state, p m,h to the final state, pjk- In equation (25), V  is the dipole 

operator described as,

V (r) = ] ? q a( r - r a). (28)
a

The sum  runs over electrons and nuclei (a ), w ith charge q and position  r. In equation (27) 

V0- = (z '|y | j ) . A ssum ing no perm anent dipole in  the m edium  and no second order 

interaction,

rFu1H =  O 

rFij1Ij =  O -}  —
N o perm m ant dipole

rFijji =  O 

rFiijj =  O -
N o second order coupling

the interaction tetradic m atrix  applied to a ground in itial state, p gs, is:

O O -rFSS.eg rFgg.ge

O O rFee,eg -rFee,ge O

-rFeg,gg rFeg,ee O O O

rFge,gg
-<yge,ee O O O

r êgtgg Pgg ^^ge.gg-Pgg

%%Pgg Pgg^ge

(29)

The in itial ground state m ay be perturbed  into either o f the coherence states, p se, 

or p es, as graphically described by  the Feynm an diagram s of F igure  2.7.

Thus far, phase evolution has not been addressed. The previous m entioned G reen 

function propagator taking  its L iouville-space form ,
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G  =  (3 0 )

describes the dynam ic tim e evolution. This operator is defined by  its action on an initial 

state in  L iouville  space.

a  M a = V 1" - ''1 (3 1 )

here, Hoi represents the energy eigenvalue o f the ith  state. T he initial state coupled to the 

electric field  through  dipole interaction, is then propagated, yielding two evolution 

pathw ays. The first order perturbative expansion o f the density operato r is described with 

the aid o f equations (13), (24) and (29) as:

P m  ( 0  =  - ‘ r  - T  ) .(32)

KflJ o

T he paths,

i , A ,

(3 3 )

I , A ,(——//„ T) (—//gT)

of equation (29), describe the evolution o f the system  until another perturbation occurs 

after a period, r .  T he initial states first order perturbative evolution, described by  

equation (33), m ay then be perturbed again and undergo subsequent evolution. This is 

precise ly described by  the D yson series o f equation (13). H ow ever, due to the nature of 

coupling in L iouville space, the integral expressed in equation (14) contains m ultiple 

pathw ays. T he system , in  going from  the pure in itial state to the final coherence-state, is 

allow ed various pathw ays specifically  because the system  is H erm itian.
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■ T he m otivation behind applying' equation (33) into equation (14) is expressed 

through the Feynm an calculus and is beyond the scope o f this thesis. How ever, fo r a 

lighter treatise on the relation betw een the green function evolution  operator and the 

allow ed paths, ultim ately  connected to the com position relation o f equation (16), (see 

reference [17, 18 ]).

E ach  o f the dynam ic evolutions described by  equation (33) is considered a 

L iouville-space generating function (LG F). T he  L G F ’s constitute the atom ic portion of 

the overall sem i-classical description. This is due to the electric field  not appearing in 

equation (24). W hen  the field  is included, the expectation value o f the dipole operator is 

the m acroscopic polarization. W hen  the field  is no t included, we are left w ith the atomic 

response function (see equation (47)), which, in  principle, contains all o f the m icroscopic 

inform ation of the system 16. The present form ulation  is continued  through the entire 

4W M  inpu t sequence. T he field is then considered in  order to determ ine the TD 4W M  

signal.

W e follow  this line o f reasoning through three orders o f perturbation in all, 

yielding eight pathw ays directly related to the eight Feynm an diagram s o f F igure 2.9 and 

Figure 2.10. Fo r sake o f brevity, we w ill only show n the pathw ays R 1-R 4. In the end the 

conjugate paths, R * l-R * 4  m ust also be accounted fo r in  order to  have a real signal.

(34)

A (?2i+?32 + ( f - f3 ) )  =  e A (̂ 21+
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P iir Ii) ~ e 

A  (^21 +  3̂2 +  (? _  ?3 )) = 6
(-^«.('-<3)) .

P l  i r 21 "*" r I l  ̂ e g 6

(3 5 )

P iirii) — e 

PlirU r̂ril) = e

P l  i p 11 r i l  4" (^ — ̂ 3 ))  — ^

I , , 1 ,

i , , i ,

i ,

^egPl ip 11 r ll) e
(^(/-«3))

(3 6 )

A ( ^ i ) = e

A (^21 +  % )  = ( ^ i ) g ^ ^ ^ ^  (37)

A (? 2 1 + ? 3 2 + (f-f3 ))  = ^  ^ % P 4 ( ^ 2 1 + ^ 3 2 k ^ '^

Equations (34)-(37) describe the interaction and evolution o f the system  for the 

four L iouv ille  pathw ays, R 1-R 4. Here, A (^21+^32+ (  ̂"^3)) w ith  Qf= I -4, are the tim e- 

dom ain 4W M  Liouville  G enerating Functions. This representation is a path  integral16. 

Equation  (32) expressed fo r TD 4W M  is:

jo ^ ( f )  =  -
'  i Y3)

J r i( t  ^3) J  6^32 J" ̂ rIiP irn 4" rn 4" if (3))
(3 8 )

£ ( r , t  -  r3 ) £ ( r , t  - 13 -  T32 ) E ( r , i  - 13 -  T32 -  T21)

w here
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P ( T 21 + T 32 +  C t - ^ 3 ) )  ~  X l  e ) ^  ( ^ 2 1  + ^ 3 2  + (^ _  ? 3 )) ( ^  I

O T=I

4  '

~ ^ l g ) p fa(r21+ 'r32 + ( t~ t3)){e \

(39)

This representation describes the in terchange o f population and coherence 

evolution  periods. A  key  feature o f the evolution described in equations (34)-(37) is the 

nature o f the phase dynam ics in  the periods T21 and t - Z3of p a (t 21 + T 32 + ( t - t 3)). For 

a  = 2, 3, the evolution described by  the G reen function propagators during the tw o 

periods are phase conjugate. O ne set has rephasing behavior o f the coherence state, 

w hich elim inates the effects o f inhom ogeneous dephasing w hen t-tg = T21, For <2 = 1 ,4  

the phase evolution  is no t conjugate during the tw o tim e periods so that the phase 

established  in the first period, sim ply continues to evolve in a de-phasing m anner during 

t3. This then  describes the conjugate nature of the pathw ays depicted  w ith the TD 4W M  

Feynm an diagrams.

T he general character o f the inhom ogeneous phase evolution  o f all paths for the 

three tim e periods is depicted in  F igure 2.12. T here  are four, in stead  o f eight, paths 

needed to describe the inhom ogeneous phase evolution o f the system . This is because the 

inhom ogeneous phase evolution leads to a real electric field  o u tp u t. and therefore 

conjugate term s o f equation (39) experience the sam e inhom ogeneous phase behavior.
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Input Pulse 

C oherent Response

Figure 2.12: Tim e-dom ain 4W M  input sequence with corresponding coherence-state

phase evolution.

Figure 2.12 describes the inhom ogeneous phase evolution o f the system for 

TD 4W M . The third pulse stim ulates conjugate phase evolution paths from  the excited 

and ground state gratings which are represented by sets o f parallel lines in Figure 2.12. 

One path stim ulated from  each grating is undergoing inhom ogeneous rephasing, while 

another continues to undergo inhom ogeneous dephasing. At T2 1 after pulse 3 the 

oscillating dipoles are rephased and the stim ulated photon echo is em itted.

N ext, we relate the atom ic response function and the m acroscopic polarization, 

ultim ately responsible for the echo signal.
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The A tom ic R esponse in  T im e D om ain  Four-W ave M ixing

The m acroscopic polarization,, P (r  , t )  , is the m ed ium ’s source term  for the 

M axw ell equation. W e are therefore m ost interested  in  how  to describe the polarization 

in  term s o f an atom ic response to input w aveform s. The sem i-classical equations o f 

in terest are the  M axw ell-L iouville  equations16, given as:

C O t C O t

P (r,t)= T r[V p (t)], (41)

I T -  =  -  ' (42)
o t  fi

A  perturbative expansion, of the space and tim e dependant polarization P (r,t), to 

the nth pow er in  the rad iation field, w here input w aveform s act to  first order, is given by  

the expectation value  o f the dipole operator w ith the density operator being  expanded to 

the n th  order in  the field.

f ( " ) ( r , t ) =  T rIV / " ) ( ( ) ]  (4 3 )

In  order to  find  the polarization to th ird  order in  the field, it is only necessary  to find the 

density operator expressed to third  order. A s sta ted  earlier, the perturbative expansion of 

the density operator is sem i-classical. The atom ic nature o f the density operators’ 

evolution is given b y  the L G F ’s o f the previous section. In analogy to equation (46), we 

can define the th ird  order atom ic response function, Ra( ( t - t 3) ,r21,T32) , as the 

expectation o f the dipole transition (ignoring the field).
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R a  (.(? 3̂ ) ’ ̂ 21 ’ ̂ 32 ) > P a  (^21 ™*~ ^32 "*™ 3̂ ))] (4 4 )

H ere, a = l , . . . ,4  and Pa^ 2l + T 32 + ( r - r 3)) are the L G F ’s o f equations (34)-(37).

It is now  convenient to  separate this response function in to  hom ogeneous and 

inhom ogeneous contributions as follows:

H ere, T21,T32) is the hom ogeneous contribution to the nonlinear response

representing  the dynam ic contributions to the response function  in  the absence o f 

inhom ogeneous broadening. T he inhom ogeneous portion, % (f3 + T 21) , represents the 

static contribution  and is the inverse Fourier transform  o f the inhom ogeneous frequency 

distribution, g{co).

%(t) represents the inhom ogeneous dephasing or rephasing behavior o f the system. This 

function no t only peaks or decays w ith the T D 4W M  signal but also contains the pertinent 

frequency  inform ation o f th e  spectral grating.

b e  e x p re s s e d  in  te rm s  o f  th e  n o n l in e a r  r e s p o n s e  f u n c t io n s ,  R a ((f  -  Z3), T21, T32) , as:

( ( f  -  fs ) ,  , T32) =  ( ( f  -  fa ) ,  T21, T32)% ((f  -  f ,  )  ±  T21) (4 5 )

(0 .4 6 )

The th ird  order nonlinear polarization, responsible fo r the T D 4W M  signal, m ay
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w ith the spatial phase m atching  conditions given by  (see table 1):

k a = k 3 + k 2 - E 1 (48)

k%=k3- k 2 + k 1 (49)

The elim ination o f the inhom ogeneous dephasing process by  the rephasing of each 

m em ber o f the  inhom ogeneous ensem ble is the key to the SPE event, w hich reaches its 

m axim um  in tensity  at ^ t 3 - T 21 = 0 ) .  For the given conditions, only the first term  o f

equation (47) w ill contribute to the echo signal. In order fo r + T 21 = 0 ) ,  h  w ould 

have to have a value o f -Tzi. This violates the causal principle, how ever because o f the 

causal fo rm  o f the green function propagators, there is no m athem atical inconsistency. 

The second term  o f equation (49) does not contribute to the SPE signal because the 

inhom ogeneous contribution is negligable, as given by % (f3 + T21 = 0 ) .  T he connection to 

the phase evolution  is specifically  described in  the propagation period  t3 o f equations (34) 

-(37), w here rephasing occurs under the condition  [Geg {{t - t 3) -  T21))] = Gge(T21) of

equations (35) and (36).

The double-sided Feynm an diagram s, fo r optical coherent transient TD 4W M  in a 

tw o level system  that contribute to the SPE event are given in F igure  2.11, including the 

corresponding propagators.



34

—2

t2 

tl

t im e

t-t3

- t
T21

' gA

<

G eg(I-I3)

e >
Gee(Tsz)

Gge(TZi) 

| g> <g|

<e

| g >

A
< g |
A

<

e > G e g (M 3)

Ggg(TSZ)

Gge(TZl)

I g >  <  g  I

< e

Figure 2.13: The double-sided Feynm an diagram s o f tim e-dom ain four w ave-m ixing

(SPE contribution).

Thus we' have show n that only the first term  o f equation (47) contributes to the 

SP E event. T he experim ental undertaking of this study is to in teract w ith  the second term  

o f equation(47) (response function pathw ays R l , R4), w hich does no t participate in the 

SP E event, and experim entally  verify their relationship to the R2, R 3 pathw ays.

C orrespondence

W e are now  in  a position to  qualitatively address the correspondence o f the 

holographic events by  letting T21 increase from  zero. This corresponds to  transform ing a 

spatial holographic grating to a frequency dom ain grating. In the case o f a spatially 

m odulated grating, part o f the recall pulse scatters sym m etrically  to bo th  sides. As the
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delay is increased, only a single holographic even t (SPE) is em itted from  the three beam  

inpu t schem e as described  in this chapter. This loss o f scattering sym m etry is due to the 

spatial grating being  rep laced  by  a spatial-spectral grating as T21 is increased from  zero15. 

This can be understood through the K ram ers-K ronig dispersion relations w hich relate a 

frequency  grating to an index o f refraction grating that in  turn im plies a tim e delay of the 

scattered w aveform . A nd due to an upper lim it on the speed o f light, scattering can not 

occur in  the tim e forw ard  direction. In  the T D 4W M  theory presently  developed, it 

appears that the holographic sym m etry o f a phase conjugate response pair, found in the 

first order scattered electric fields o f spatial holography, is reta ined  in  the coherence-state 

pathw ays o f spatial-spectral holography. The im pelling evidence is that both the spatial 

grating and the spectral grating response satisfy identical spatial phase m atching 

conditions, and bo th  have a phase-conjugation-sym m etry associated w ith the holographic 

process.

T he experim ental w ork in  this thesis quantitatively relates the phase conjugate set 

o f coherence-state pathw ays represented by  R f , R 4  and R2, R3. T his is accom plished 

through a six-w ave m ix ing input schem e that rephases both of the conjugate paths to em it 

echo signals. T hese signals are then characterized.
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C H A PTER  3

EX PER IM EN TA L TEC H N IQ U ES

Introduction

E nergy source studies o f the SP E 19 indicate  that the 4W M  coherence-state  energy 

is reduced on the order o f -1 0 %  after the echo event. Therefore a portion of the ions 

involved  in  the 4W M  coherence-state are unaltered by  the SPE even t and continue their 

phase evolution. Then, all coherence-state pathw ays are undergoing  inhom ogeneous 

dephasing (see F igure 2.12). If  a yr-pulse is input into the system  after the SPE, then the 

phase evolution  o f the coherence-state w ould  be  inverted causing all coherence-state 

pathw ays to undergo inhom ogeneous rephasing. T he result o f this scenario w ould be the 

em ission o f tim e-ordered echo events associated w ith the conjugate 4W M  coherence- 

state paths (depicted in  F igure 3.1). This technique constitutes a six-w ave m ixing (6W M ) 

process, and has the advantage o f exploiting the fu lly  rephased charac ter of all paths. 

T hrough this technique, the experim ental studies presented in  th is thesis qualitatively 

m easure the relation  betw een  coherence-state pathw ays associated w ith  the SPE and VE.
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Six W ave-M ixing

If the 7r-pulse (pulse 4) is introduced after the SPE, then all four response function 

pathw ays (R1-R4) rephase to em it echoes, called  here the rephased SPE (R-SPE) and 

rephased VE (R-VE).

Input Pulse  

Coherent R esponse

R-VER-SPEF ie ld

t im e

Inhomogeneous 

Phase (t)

Figure 3.1: The six w ave-m ixing technique used to rephase all four wave-mixing

coherence-state paths.

It is interesting to note that the R -SPE m ay be view ed as a second order echo. 

This is to say, in a tw o-pulse photon echo experim ent l5, pulse I creates a coherence- 

state, which at a later tim e undergoes inhom ogeneous rephasing due to a 7r-pulse,
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resulting in  a tw o pulse photon echo (PE). In contrast, the SPE is a pulse that was created 

by  a coherence-state. H ow ever, at the tim e o f the SPE, w hether the coherence created the 

pulse or the  pulse, created the coherence, the subsequent evolution o f that coherence-state 

pathw ay is identical. T he R -SP E  can then be thought of as a tw o-pulse photon echo of 

the SPE-E4 sequence. The 7r-pulse inverts the phase evolution o f all coherence-state 

paths. If  the SP E pathw ays w ere the only ex isting coherence-state term s during the 

evolution period T 32, then the V C  w ould no t rephase to em it a signal. How ever, due to 

the nature o f the pathologies o f the 4W M  sequence, the R l , R 4 coherence-state pathw ays 

also undergo rephasing, resulting  in  the em ission o f the R -VE.

Experim ents

T he R -SP E  and R -V E  are characterized as follow s: Experim ent I  verifies that the 

signals are products of the 6W M  process by  fixing  the pulse input tim ing and decreasing 

the area o f pu lse  4 (S4) . This has the effect o f increasing any 4W M  signal and decreasing 

any 6W M  signal that pulse 4 is involved in. Experim ent II m easures the dynamic 

coherence loss (loss o f rela tive phase of the coherence-state) as a function of echo signal 

attenuation, by  varying t 2 i . C oherence loss is a m easure of the life tim e o f a coherence- 

state and therefore relates the 6W M  signals to a com m on coherence-state origin. Lastly, 

E xperim ent HI verifies the phase conjugate nature  o f the 6W M  signals. W hen a 

tem porally com plex w aveform  is introduced for pulse 2 and 3, the 4W M  signal (SPE) 

represents a tim e-dom ain auto-convolution o f the com plex w aveform , w hereas the V E 

represents a tim e-dom ain auto-correlation. T he distinction betw een  tim e-dom ain
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correlation and convolution is a tem poral inversion 2 0  in the signal processing. This 

expresses the phase-conjugate nature o f the two pathways.

Experim ental Set-Up

The experim ental set-up used in all the experim ents presented in this thesis is 

depicted in F igure 3.2.

793nm

D etec to r

AOM

X-TAL

A r+  p u m p  lase r

Figure 3.2: Six w ave-m ixing experim ental aparatus.

All experim ents are done in a 7m m  long Tnr+ .YAG  crystal (.1 at. %), held at 

4 .4K  with a continues flow liquid helium  cold-finger cryostat. The laser system  consists 

o f an argon-ion (16.4 W ) pum ped Ti: saphire ring-laser (1.5 W ), single-m ode frequency 

locked at 793nm , resonant with the 3ZZ6 — > 3 ZZ4 transition o f the thulium  ion. The linear
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polarized beam  was crafted  into pulsed w aveform s by  an acousto-optic m odulator driven 

by  a 1.0 G H z arbitrary w aveform  generator, then focused in  a 200 pm  spot (1/e2 

diam eter) in  the crystal along a direction parallel to  a single dipole  orientation. A ll 

experim ents w ere perform ed on a single beam  due to the tim e-ordered nature of the 4W M  

and 6W M  signals. Tem poral gating o f the pulse sequence was accom plished with delay 

electronics. T he signals w ere detected w ith a FN D  100 photo-d iode and captured on a 

T E K  digital oscilloscope averaging 256 times.

A n optim ized (yr-pulse) was found through the optical nu tation  technique o f 

Sun21. K eeping the bandw id th  constant, the pow er of the Tr-pulse was quartered to 

produce the ^/2-pulse w aveform s.

M aterial C onsiderations

As stated earlier, the SPE is a p roduct o f tim e ordered resonan t pulses interacting 

w ith a m edium  that is inhom ogeneously broadened  in  its electronic absorption spectrum. 

T he coupling to the therm al bath  is the dom inant inh ibitor o f the rephasing  process and 

constrains the echo experim ent to an ultra-cold environm ent achieved through a table-top 

cryogenic system . Scientific M aterial C orp. prepared  the single dipole Tm 3+: Y A G 

sam ple. T he param eters for the  7m m  long Tm 3"1": Y A G  (at. .1%) crystal are given in table 

2, w here Ti is the inhom ogeneous linewidth, T 2 is the dephasing relaxation param eter, T i 

is the upper-state lifetim e and a  is the absorption coefficient.

T he experim entally  m easured dephasing relaxation tim e (T2) was found by 

assum ing exponential signal decay and m easuring the SPE from  a traditional input
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sequence w hile changing T21 and looking for the signal intensity  to  drop by  1/e, that being 

a general indicator o f Ta (see equation (50)).

T he absorption length (orL) was found by  introducing a w eak  w aveform  into the 

m aterial and m easuring the change in absorption o f the pulse as it was tuned o ff 

resonance.

Table  2: T m 3+: Y A G (at. .1%) 7.0-m m  param eters:

■ PA R A M A TER V A LU E

P 1 17GHz

T 2 23.4/is

T i 800 /is

a 1.5cm '1

E xperim ent I: 4W M  and 6W M  Signal D ependence on 9a

In practice, the 6W M  input schem e o f F igure  3.1 w ill p roduce o ther signals due to 

4W M  processes w ith w hich pulse 4 is involved. Pu lse 4 m ay act like a ^/2 -pulse  and 

scatter o ff the spatial-spectral grating to produce a SPE from  the E i , E2, E4 sequence. As 

w ell, pulse 3 and pulse 4 together can produce a tw o pulse photon echo. These, along 

w ith the  R -SP E  and R -V E  are the dom inant signals o f the total 6W M  input sequence,

depicted in  F igure 3.3.
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Each o f the echo signals occurring in the tim e-dom ain t > t4  m ay be verified by 

reducing the area o f pulse 4 ( ^ ( in i t ia l ly  optim ized as a 7r-pulse). The corresponding 

increase (decrease) in signal intensity  corresponds to O4  acting as a /r-pulse (^ /2 -pulse). 

The area o f pulse 4 is reduced, by decreasing the electric field am plitude through the 

arbitrary w aveform  generator.

" "  Input Pulse 

'........... ' Coherent Response

Fa ,U

Figure 3.3: The expected four and six w ave-m ixing signals generated  from  the 6 W M

input scheme.

The expected signal outputs for the 6 W M  technique are given in F igure 3.3. The 

four entities show n rely on the area o f pulse 4 in different ways. The R -SPE, R-VE, and 

2PE3, 4 are optim ized for pulse 4 to have an area, O4  = n. The SPE (e i, e2 , E4 ) is optim ized if 

O4  = 7r/2 .

The captured signals for 6 W M  with variable O4  are given in F igure 3.4, Figure 3.5 

and Figure 3. 6 . F igure 3.4 show s the captured pulse sequence, beginning at t3. Figure
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3.4 show s the dependence o f the latter three signals on 04, R-SPE, PE  (E 3 , E4) and R -VE, 

tim e ordered respectively.

In F igures 3.5 and 3.6, 04 is initially optim ized as a yr-pulse, given by the (□ ) 

trace. The area is subsequently reduced in two steps, given by the (A) and ( □ ) traces 

respectively. The reduction in signal intensity with decreasing #4, for the three echoes, 

dem onstrates their dependence on pules 4 acting to second order in the field. Figure 3.6 

show s SPE (E i, E 2 , E4) for the sam e capture sequence. The signal increases with 

reduction in 04, dem onstrating its dependence on pulse 4 acting to first order in the field.

b  + time (j j s )

Figure 3.4: Six w ave-m ixing with variable 64.
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E xperim en t]!: 6W M  w ith V ariable r?!

C oherence loss is a non-reversible loss o f phase relation betw een  the frequency 

com ponents o f the coherence-state, as described in the ‘m aterial considerations’ section.. 

It is phenom enologically m odeled as exponential signal attenuation (equation (50)) 

dependent upon  the coherence tim e, tcoh (the tim e that the system  spends in  a coherence- 

state).

- 2tCOh

/  =  V  %

T he expected coherence tim e of the R -SPE and R -V E  is given as:

^coh (R -S P E ) ^ 4  ^ t 3 

t  COh(R-VE) =  2 t 4 - 2 t 3 - 2 T 21

(5 0 )

(51)

A lthough the R -SP E  and R -V E are tem porally  unique, as t 2i approaches zero the 

tw o signals should  converge on a com m on intensity  and tem poral location, as given by 

equation (50) and (51). The coherence tim e o f the R -SP E  is independen t o f T2I,w hile the 

R -V E  is dependant upon  2t 2v  This im plies that a variation in  r 2i w ill not effect the R- 

SPE intensity , only its tem poral location. C onversely, the R -V E w ill attenuate according 

to equation (50).

Six w ave-m ixing w ith brief (80ns) pulses is experim entally  dem onstrated w ith the 

delay, r 2i, being varied from  .32 pis to2.24 pis in  .32 pis in tervals. The captured 

w aveform s are show n in F igure 3.7 and the intensities o f the R -SP E  ( n ’s) and R-V E (A’s) 

versus r 2i is plo tted  in  F igure 3.8, along w ith theoretical curves.
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T he upper theoretical curve in  F igure 3.8 represents the average o f the detected R- 

SPE signals. The low er curve is then fit to the t 2i =0 poin t o f the upper curve and given 

the expected exponential signal attenuation o f equation (50). N ote the correlation o f the 

tw o captured  signals’ deviance from  the theoretical curves fo r a given value of T2I. W e 

attribute this to the laser system ’s pow er fluctuation  on the tim e scale betw een data 

captures as r 2i was varied.

E xperim ent HI: 6W M  w ith 5-Bit B i-Phase B arker  C odes .

It is possible  to quantify the phase-conjugate nature o f the coherence-state 

pathw ays b y  introducing tem porally com plex, asym m etric w aveform s. If  pulse I is a 

b rief reference pulse w hile pulse2 and 3 are com plex w aveform s, then the phase 

conjugate nature  betw een the SPE and V E is expressed through tem poral correlation and 

convolution. This is seen by  rew riting equation (38) in  term s o f correlation and 

convolution  integrals.

(f) -  [[Ei (0  ® E2 (f)] * 2 ,  (f -  W  + [Ej (f) ® E, (f)] (8 2 ,  (f -  fyc)] (52)

H ere, * and <g> represent tem poral convolution and cross-correlation  respectively. 

T he coherence rephasing tim e is given by:

ŜPE H "*"̂ 2 ■ A (53)

V̂E ~ A ~^2 ' (54)

The expressions in  equation (52) assum es that pulse I is tem porally  sym m etric 

(E l (t) = E l  (-t)) and that pulse tw o and three are arbitrary w aveform s. The second term
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o f equation (52) is the coherence pathw ay responsible fo r the ‘v irtua l’ echo. As show n in 

equation (54), the V E  has rephasing character at T21 before pulse three. T he difference in 

the tw o term s o f equation (52) is now  clearly distinguishable. T he spatial-spectral grating 

is represented by  the cross-correlation of Ex{t) w ith E2 ( t ) . The recall pulse, E3 (t) , then 

is either convolved (SPE) or correlated (VE) w ith the grating.

The optical processing character o f the coherence-state, expressed by equation 

(52), is experim entally  dem onstrated by  using a b rief 80ns w aveform  fo r pulse I and a 5- 

b it bi-phase retum -to-zero  barker code (5b-bc) sequence for w aveform  2. The sequence 

code {1,1,1, -1,1}, w here the negative b it indicates a j z  phase shift o f the w aveform, is 

generated through the AO M . The resulting  spectral interference pattern records the 

tem poral com plexity  o f the 5b-bc. C hoosing pulse  3 to be the sam e 5b-bc then exploits 

the high au to-correlation to side-lobe ratio  o f the barker code as 25 to I fo r the V E and a 

peak  in tensity  ratio  o f 9 :4 :1 fo r the SPE22.

Six w ave-m ixing using the 5b-bc is depicted in  F igure 3.9. T he 4W M  signals that 

pulse 4 participates in  are not depicted. The experim ental capture o f six-w ave m ixing is 

show n on Figure 3.10 and contains the 4W M  signals SPE(E1, E2, E4) and PE (E3, E4) 

w hich attem pt to be rep licas o f the 5b-bc.



P
o

w
e

r
 (

A
.U

.)
51

Input Pulse (field)

Coherent R esponse (Intensity)

VE E 4 (t) ,t4  R -V E

E l  ( t ) ,t l R-SPE

E 2 ( t ) ,U

Intensity

t im e

Figure 3.9: S ix-w ave m ixing with the 5b-bc (4W M  signals ignored).

5b-bc (pulse 3)

S P E

( E 1 ,E 2 ,E 4 )
R-VE

PE
( E 1 ,E 2 ,E 4 )

R-SPE

Figure 3.10: C aptured signals o f 6W M  with 5b-bc.
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C H A PTER  4 

SU M M A R Y

The conjugate coherence-state pathw ays o f tim e-dom ain four-w ave m ixing w ere 

characterized  through six-w ave m ix ing echo experim ents. The tim e ordered echoes w ere 

verified  to  be six-w ave m ixing signals through an attenuation o f 04, resulting in an 

attenuation o f the 6W M  signal intensity. The coherence-state pathw ays w ere related to a 

com m on tem poral origin through their m utual coherence decay. T he phase conjugate 

nature  o f the paths was estab lished  through optical processing  o f a com plex waveform s, 

resulting  in  the output signals representing an auto-correlation and auto-convolution of 

the com plex  waveform .

This w ork verifies that as T21 is increased from  zero, the phase conjugate 

sym m etry, found in the electric fields o f classical holography, is reta ined  in  the 

coherence-state pathw ays o f frequency  holography.

Further studies on the relation betw een the  conjugate coherence-state  paths of 

4W M  could  explore the response o f one w hen the o ther is being  in terfered with by 

another waveform . F or exam ple, let t4 < t spe and no te  the effects on the  R-V E, or let 

t4 =  tspe and frequency  chirp pulse 4, noting the effects on the R-VE.
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