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ABSTRACT 

Coherent transient effects are the optical analogs of the many 

transient phenomena seen in pulsed nuclear magnetic resonance 

experiments on spin systems. For example, photon-echo and optical 

nutation are the respective optical equivalents of spin echo and 

transient nutation of nuclear magnetic resonance. 

In Stark-switching and frequency-switching techniques the laser 

field and the molecules are brought into resonance in a sequence of 

pulses, the rest of the time they remain well off-resonance. So far it 

has been assumed that the off-resonance field does not have any 

measureable influence on thl~ experimental results and is utilized to 

implement a very efficient heterodyne detection scheme. 

This work discusses how the off-resonance field affects the 

coherent transient effects. It is shown here how this field, by inducing 

changes in the index of refraction as small as 10-6 produces easily 

observable effects in photon echo and delayed optical nutation. 

vii 



CHAPThR 1 

ThTRODUCTlON 

The thoery and techniques of coherent transient effects for 

pulsed nuclear magnetic resonance (NNl.{) had achieved a high degree of 

development, even before the advent of the laser in 1960. Since then 

there has been a considerable interest in finding equivalent effects in 

the optical domain. A breakthrough occurred in 1967 when photon echoes, 

the optical equivalent of spin echoes, were observed by Kurnit et al. 

(1964) in ruby. A number of other experiments were done using pulsed 

lasers, but the results were difficult to measure accurately because of 

the uncontrollable character of these lasers. These problems were 

greatly alleviated with the introduction of Stark switching in 1971 by 

Brewer and ::;hoemaker and frequency sWitching in 1973 by Hall. By using 

these new techniques, it has been possible to duplicate virtually every 

effect seen in NMl.{, along with several new phenomena which have no NMR 

equivalent. 

The interest in coherent transient effects comes from the fact 

that they exhibit very clearly the dynamics of the interaction of 

radiation and matter, and thus can be used to learn more about this 

interaction. This interest also comes from the fact that coherent 

transient effects are a powerful tool to investigate collisional decay 

processes in great detail as well as to obtain other spectroscopic 

information. 

1 
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::,tark sWitching and frequency sWitching techniques for doing 

experiments on coherent transient effects, were introduced as 

improvements over previous techniques which were based on pulsed lasers 

in combination with optical delay lines (Lambert, 1973). The fundamental 

assumption made in both the Stark sWitching and the frequency sWitching 

techniques is that applying interacting light pulses to a sample is 

equivalent to applying resonance pulses to it. This means that if the 

laser field and the molecules are brought into resonance and then moved 

out of resonance in convenient pulses, then the field can be left on the 

rest of time without any practical consequence. This is assumed to be 

true when the detuning is 'large compared wit h KEO' which is the power 

broadened halfwidth. In Stark sWitching the molecular energy levels are 

changed in order to bring them into resonance with a fi~~ed frequency 

laser beam whereas, in frequency sWitching it is the laser frequency 

which is changed, and the molecules are left alone. The continuous 

presence of the laser field is turned into a great advantage since it is 

used for implementing a heterdyne detection scheme. 

technique increases the sensitivity enormously. 

This detection 

According to mathematical models of photon echo and optical 

delayed nutation these signals should decay monotonically with respect 

to pulse separation, and as long as the areas of the pulses remain 

unchanged, the decay should also be independent of the intensity of the 

exciting pulses. Also if the laser field were turned off when it is not 

being used for excitation or fer heterodyne detection when the echo 
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pulse appears, then the amplitude of the signal should not be affected 

because of the large de tuning. 

In practice things do not work in that way. In Stark sWitching 

and frequency switching the signals do not decay monotonically, but 

exhibit modulation, which in some cases can be very important. It has 

been found also that with these techniques the decay rates increase by 

increasing the laser intensity. This effect has been called intensity 

dependent dephasing (Berman et a!., 1975). Finally, in an experiment 

performed in 1979 at lBH a new important anomaly was found (Shoemaker, 

1979). The experimental system was based on an acousto-optic modulator. 

With this system it is possible to control the turn-on time of the 

heterodyne field, and it is also possible to imitate a frequency 

sWitching experiment. The experimental results were rather suprising 

because the signal amplitude was strongly dependent on the turning-on 

time of the heterodyne pulse. It was found that the echo signal was 

reduced in more than 80 % in some situations. All this occurred despite 

the large detuning of the heterodyne field with the experimental 

molecules. In this work, the first explanation of this phenomenon is 

proposed. This experiment is described in more detail in Chapter 3. 

To be sure, echo modulation has also been observed in ruby ::J.nd 

other solids with the pulsed laser technique (Lambert, 1973; Chen, et a!., 

1978) where no heterodyne field passes through the sample. This 

modulation has been explained in terms of quantum beats (Schenzle, et 

a!., 1976). Quantum beats appear whenever two or more closely spaced 

molecular levels are simultaneously excited by a short light pulse. In 
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the case of only two neighboring levels, the modulation frequency is 

equal to the energy splitting divided by the Planck's constant (Lambert, 

et al., 1971). For ruby, good agreement between theory and experiment 

has been found for the dependence of the modulation on the direction and 

magnitude of an external magnetic field (Lambert, 1973). 

A similar explanation was given by Shoemaker and Hopf (1974) for 

the echo modulation in NH2D using the Stark-switching technique. 

Subsequent work has shown, however, that the frequency of these beats is 

not constant, as it should be if it were caused by quantum beats, but 

depend on the intensity of the laser beam. In the case of delayed 

optical nutation experiments in the same gas and with the same 

technique, it was found by Van Stryland (1976) that the modulation 

frequency is equal to the Rabi flopping frequency. By using the 

frequency-switching technique in SF!) molecules, we have measured the 

frequency ot the echo modulation and we have found that it is roughly 

equal to one halt of the kabi flopping frequency. From these 

experimental results we conclude that for Nh2D and SF'6 the main 

contribution to the modulation comes not frow the quantum beats but 

from another mechanism, because the frequency of the quantum beats is 

only determined by molecular properties and not by the laser power 

exciting the molecules. 

In this work a mechanism is presented by which the heterodyne 

field can modulate the amplitude of photon echo and optical delayed 

nutation signals. This mechanism is akin to the mechanism that causes 

mode pulling in multimode laser (Siegman, 1971), but is more subtle. It 
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gives a good account of the observed frequencies and amplitudes of these 

mod ula tions. A qualitative treatment of these effects is given in 

Chapter 4 and a more rigorous computer simulation is presented in 

Chapter 5. 

The same mechanism is also capable of explaining the surprising 

results of the delayed heterodyne experiment performed at IBM. however, 

since some important information for that experiment is not available, 

we have used an indirect approach. Instead of considering a thin sample 

of ~(Al()3:P r::l+ and a wavelength of 6105,1\ as in the actual experiment, a 

computer simulation was made for SF6 molecules using a CO2 laser. The 

conditions of pressure and laser power are taken as those normally used 

for photon echo experiments. Furthermore, the real molecular 

parameters, such as the dipole moment and decay constants have been 

used. The results obtained are very similar to those of the original 

experiment. 

With regard to the intensity dependent dephasing effect (Berman 

etl. al., 1975) we believe that it is caused by the heterodyne beam too. 

This was observed with the l.tlN experimental system mentioned above. It 

was found that when the onset of the heterodyne pulse is delayed until 

the echo appears, the echo decay is not affected by the laser power. 

however, when the heterodyne pulse is applied at the end of the TI pulse, 

the echo decay rate is greatly increased (Macfarlane, 1979). Although it 

is very likely that intensity dependent de phasing is also caused by the 

heterodyne field through the same mechanism responsible for the echo 

modulations, this problem has not been pursued in the present work. 
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In Chapter 2 an outline of the theory of coherent transient 

effects is presented. The density matrix formalism is utilized to derive 

the bloch equations for a two-level system. Mathematical expressions 

for the reradiated field are obtained there for dilute gases. 

In Chapter 3 a brief description is given of the experimental 

techniques utilized in coherent transient effects experiments. Some 

relevant measurements of photon echo modulations as well as the results 

from the IBM experiment are also presented in this chapter. The 

contents of Chapters 4 and 5 were mentioned above. 

Two appendices are included. Appendix A discusses the methods 

of photon echo and delayed optical nutation, and Appendix B discusses our 

frequency switched C02 laser used for measuring the photon echo 

modulations. 



CHAPTER 2 

OUTLlNE OF THE THEORY OF COHERENT OPTICAL TRANSIENTS 

In this chapter an outline of the basic theoreticai concepts of 

coherent transient effects is presented. This outline follows Kichard 

Shoemaker's work (1978), but departs from it in the section describing 

the connection between the polarization of the medium and the reradiated 

optical wave. 

In this work the discussion is limited to coherent transient 

effects in low pressure gases. In this case the Doppler broadening is 

generally so large that only a portion of the Doppler linewidth is 

excited in an experiment. The molecules will be represented as two

level systems and the optical field by a monochromatic plane wave. 

In the two-lev,:l model the active levels are part of a manifold 

of other levels and communicate with them via collisional relaxation. 

The active levels can also decay through spontaneous emission (see Fig. 

1). The decay time associated with the spontaneous and collisional 

decays of these levels is called T
1

• 

Individual active molecules can be in a pure state such as a or 

b, or in a superposition of the two states. It is from a superposition 

of the two states that a radiating dipole comes. The dipole is much like 

an electric charge on a spring and the frequency of oscillation of the 

dipole is equal to the frequency of the emitted optical field. However, 

the radiation measured in coherent transient experiments does not corne 

7 
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from a single velocity group of molecules but from a very large number 

of them. The optical fields add coherently, leading to interference 

effects. When all the dipoles add in phase, the sample generates a large 

pulse, but when the dipoles get out of phase the pulse becomes smaller. 

The main source of dephasing in gases is varying Doppler shif~ caused by 

the Maxwellian velocity distribution of the molecules, but there are 

other contributions to dephasing too. An example, is collisions that 

force the molecule into a pure state causing the destruction of the 

individual dipole. Collisions that change the velocity of the mo18cule 

without forcing it into a pure state also cause dipole dephasing. lbe 

decay time of the total dipole is called T
2

, and it arises from all 

possible mechanisms of dipole decay. We will see later that with photon 

echo techniques it is possible to neutralize the Doppler contribution to 

de phasing and thus take a closer look at the other lesser contributions 

to dipole decay. 

Because there is incomplete information about all the molecules 

of the gas, no single wave function will suffice to describe the whole 

system. The gas must be described by a statistical ensemble whose 

members have differing wavefunctions. Such situations are handled easily 

using the density matrix formalism since it is basically a statistical 

mechanical tool. 

A formal density matrix treatment of collisional phenomena in 

gases begins with the many-body Hamiltonian for the interacting 

molecules, HOViever, if the time between collisions is very large 

compared to the collision duration, and if lltc' where tc is the duration 
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of the collision is faster than any oscillation term in the equations, 

then the results obtained from this approach are essentially the same as 

those obtained from a simpler phenomenological treatment (Liu, and 

Marcus 1975). Another useful approximation made in the phenomenological 

approach is to neglect active-active molecule interactions. This 

approximation is valid in low pressure gases and considerably simplifies 

the mathematics. A final approximation which is made in the 

phenomenological approach is to assume that the molecular translational 

motion may be treated classically, thus avoiding the quantum mechanical 

aspects of the collision process. 

The Density Natrix and the Population Matrix 

In order to describe the response of the molecules to the 

optical fields, a semiclassical approach is adopted. In this approach the 

mechanical part, i.e., the molecule, is controlled by the Schrodinger 

equation, and the fields are governed by Maxwell's equations. The first 

Simplification of the hamiltonian consists in assuming that the 

wavelength of the field is much longer than the maximum dimension of 

the molecule; thus we can neglect any variation of the field over the 

molecular volume and consider the field at the center of the mass as 

applicable to all parts of the molecule. This is known as the dipole 

approximation. 1£ HO represents the hami! tonian of the molecule when no 

field is being applied, then the total Hamiltonian, which includes the 

field, becomes 

= il1 a .1." at 'Y 
(2.1) 
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Since the eigenfunctions of the unperturbed Hamiltonian r~ form 

a complete set of eigenfunctions, then at any particular time, the time 

dependent wavefunction ~' can be represented as a linear combination of 

these eigenfunctions, i.e. 

Iji' = ~ Ci(t)1Vi(Q,···,rn ), ( 2.2) 
i 

where the 4i are solutions of huljii = Eiljii. The time-dependence of the 

linear combination comes through the coefficients Ci(t). 

The density matrix p' is defined to be the matrix with elements 

From the equations of motion of the coefficients Ci we can 

derive the equation of motion for the elements of the density matrix, 

and thus obtain the expression 

. 
I i 

p ij = - .:fi (2.4 ) 

where ~n = <ljii I HO - E(R,t) • ~ ej rj IlJ!n>, and the summation is over all 
J 

the eigenstates of the molecule Furthermore, for any operator 0 with 

rna trix elements 0ij = <lJ!i 10 Iljij >, then the expectation value of the 

operator 0 is given by 

<0> = ~ (PO)ii = Tr (pO), (2.5) 
i 

Since plii = Ici l2 , it clearly represents the probability of being 

in level i. On the other hand, P .. 
1J 

is proportional to the average of 

the transition dipole moment between state i and j. For example, if the 

mol~cule has a wavefunction Which is a linear. combination of only two 

states o/a and 4b, then from equation (~.5) ~'Je get 

( 2.6) 

where ~ab = <~alerlljJb> = ~ba is the transition dipole matrix-element. 
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In order to include collisional decay mechanisms a 

phenomenological decay term -Yij'Pij is added to the equation of motion 

(2.4) which becomes 

(2.7) 

As this equation stands now, it represents a single molecule or group of 

identical molecules whose wavefunction is known and is called a pure-

case density matrix. In order to describe the behavior of the entire gas 

we must perform an ensemble average to account for the distribution of 

molecules with respect to velocity v, position Ro, and time to of the 

last collision that brought the molecule into some state a. 

For a plane wave optical field propagating along the z direction 

an ensemble averaged density matrix can be defined symbolically as 

all molecules 
with vel. v 

( 2.8) 

Tids equation does not really represent an average, but a sum, and is 

known as the population matrix. In order to write it explicitly, it is 

necessary to introduce the quantity Aa(V z ), which represents the rate at 

which molecules with velocity V z enter the state a due to collisions. In 

this way we obtain 

lJij (z, v z ,t) = L Aa f dtuf dzUp 'ij (a ,z,v z ,t-tO)6 [z-Zo -vz (t -to)], 
a 

(2.9) 



13 

It is shown in ~hoemaker's work (Shoemaker, 1978) that for a 

traveling wave the population matrix satisfies the following equation of 

motion 

(2.10) 

From the diagonal elements, for thermal equilibrium and no 

optical field, we get 

(2.11) 

where ni(v z ) is the equilibrium population of level i for molecules ~ith 

velocity v z. 

The optical field is assumed to be a linearly polarized plane 

wave given by 

E(z,t) = x[I!Q (z,t)cos(n t - kz)j, ( 2.12) 

lbis is the field in a laboratory-fixed coordinate frame, but the 

field that goes into the hamiltonian (2.1) is the field seen by the 

molecule, i.e., the field in a moving coordinate frame in which the 

molecule is at rest. Sin.ce the thermal velocities of the molecules are 

much less than the speed of light, a nonrelativistic transformation will 

be sufficient to go over to the molecular coordinate frame from the 

laboratory frame. The proper transformation relations for this case are 

z' = z - Vzt 

k' = k, t' = t (2.13) 

and the transformed field becomes 
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E'(z,t) x[EO(z',t)cos(~2't - kz')] 

We now restrict the extent of the theory to just one non-degenerate 

transition. The optical field is taken to be in resonance or near 

resonance. This is the two-level system approximation previously 

discussed. The upper level of the transition is denoted by a and the 

lower level by b. The matrix elements Hij are then given by 

Hab = Hba = -\-lab EO cos(~G 't - kz') ( 2.15) 

where 

\-lab = \-Iba = J1j;a*(Ljejxj)\jJbdT 

Here hWa and hWb represent the energy eigenvalues of the upper and lower 

states respectively, and \.lab represents the corresponding transition 

dipole matrix element. By combining equations (2.10), (2.11) and (2.15) 

the population matrix equations become 

Paa naY a + iKEOlcos(~2't - kz')j(Pba - Pab) - YaPaa 

Pbb = nbYb + id·o[cos(~2't - kz')](Pab - Pba) - YbPbb 

Pab = (-iwu - Yab)Pab + iKEo[cos(~2't - kZ')](Pbb - Paa) 

Pba = Pab* 

together with the following definitions 

K = \-I a b/,l1, 

wo = Wa - Wb, 

Ya = Yaa 

(2.16 ) 

( 2.17) 

We are noW in a better position to give the mathematical 

expressions for the pumping and decay processes in the two level 

configuration of Figure 1. For the upper level the pumping and decay 
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rates are given by naY a and YaP aa , respectively, whereas those for the 

lower level are nb Yb and YbPbb respectively. 

Because of the cosine terms, equations (2.16) are very difficult 

to handle. ~ortunately they can be simplified by making what is known 

as the "rotating wave approximation" (RWA). In this approximation 

equations (2.16) become more manageable, and for some cases of interest 

they can be solved in closed form. The rotating wave approximation 

consists of writing cos(SG't - kz') as a sum of exponentials, and noticing 

that one of the phasors exp[±i(n't - kz'J produces a small contribution 

compared to the other (Shoemaker, 1978). It has been shown that the 

main effect ot not making the RwA is to introduce a small shift of the 

resonance frequency which is typically only a few Hertz in the optical 

region (Allen and Eberly, 1975). 

When the optical field is on, Pab is forced to oscillate at the 

frequency SG I of the optical field even it it is different from the 

trans1tion frequency wo, but when the field is off Pab oscillates at the 

transition frequency w00 When the optical field is restored, there will 

be a phase shift with respect to the optical field. The phase shift is 

proportional to the detuning and to the time that the field was off. 

The expected 5l I dependence can be removed from P ab by set ting 

~ -i(~l 't - kz') (2.18) 
Pab :: Pab e 

so that P ab represents a slowly varying amplitude for P abo This change, 

together with the RWA, transform equations (2.16) into 
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K t.O 

Paa nCiYa + i -z- (Pba - Pab) - YaPaa 

KEO 

Pbb nbYb +i -z (Pab -Pba) -YbPbb 

KEO 

i5ab [(Q' - UJO) - Yab)Pab + i -z (Pbb - Paa ) 

(2.19) 

This will be taken as our fundamental set of equations describing the 

microscopic interaction of a two-level system, in a given velocity group, 

with an optical field. 

It has been already established that Paa and Pbb represent the 

number of molecules per cubic centimeter in levels a and b respectively. 

These molecules are considered at a position z and with a velocity v z • 

Pab is a particularly important quantity since it is related to <~ab>' 

the average value of the oscillating dipole moment per cubic centimeter 

induced by the optical field. This quantity is used to obtain the 

absorption and emission ot radiation. From equation (2.6) and (2.18) we 

obtain 

r_ i(Q't - kZ')] 
llab(z,v Z ,t) = ~ abP ba + ~ba P ab = ~ab 2 l{e LPab e 

(2.20) 

This equation constitutes the link between microscopic and macroscopic 

quantities. 1n order to obtain the polarization P(z,t) of the medium we 

need to integrate over all the molecular velocities: 
00 

P(Z,t) = J ~ab (z,vz,t)dvz _00 
(2.21 ) 

This equation enters directly in the wave equation for the field 

reradiated by the molecules, as we see later in this chapter. 
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Optical Bloch Equations 

In order to obtain explicit solutions of equations (2.19), further 

simplifications are required. The first step consists of converting 

these into a new set of differential equations involving real quantities 

only. This is achieved with the help of the following definitions: 

2 P ab :: u - iv 

w _ 
Paa - Pbb 

S - Paa + P bb . (2.22) 

On substituting these definitions into equations (2.19) we obtain the 

following set of equations: 

(2.23) 

1£ we assume that the upper and lower levels have the same 

. 
decay rates, that is if 'fa = 'fb = 'f, then the wand the S equations 

become uncoupled, futhermore, since at the start of the experiment Paa 

+ Pbb = na + nb' the $ equation just gives S = constant. lience the 

system of equations is reduced to 

u = (Q I - WO)v - 'f a b u 

( 2.24) 

These are known as the "optical Bloch Equations" which are analogous to 

the Bloch equations of NMR. 
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A geometrical representation of these equations has been 

developed which allows one to visualize the behavior of the system, 

without having to solve the equations. This picture is known as the 

vector model and was invented by Feynman in 1957 (Feynman et a1. 1957). 

We can obtain the vector model by neglecting relaxation and 

defining the vectors 

l>1 :: (u,v,w) , n = (Kt:O, 0, Q' - lUO) (2.25) 

On using these definitions the system (2.24) becomes the vector equation: 

dH = l>1 x n. 
Cit (2.16) 

This equation says that the vector H precesses in a cone about an 

effective field n. The precession frequency is Inl/2n. Three different 

situations are illustrated in Figure 2. 

The driving field 12 always lies in the I-Hi plane. The 

component Kbo is the strength of the interaction between the molecules 

and the optical tield. The component Q' - lUU is the detuning of the 

optical field from resonance. Since ~2' - Wo = n - kv z - wo, each velocity 

group has its own driving vector 12 and the motion of the vector M(v z ) is 

different for the different velocity groups. 
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Matrix Solution of the Optical Bloch Equations 

In this section we discuss a matrix method for solving the 

optical Hloch equations. This method was first introduced by Jaynes 

(Jaynes, 1955) and it reduces the problem of solving a system of 

differential equations to one of matrix addition and multiplication. We 

begin with the following definitions: 

u -8 

v B o 

w KEO 

o 

-KEO A -

o 

o 

'( (n -n
b

; . a 

where 6 = 12' - wu, and 6.'( = Y - Yab. On using these aefinitions, the 

optical Bloch equations become . 
I1 = -(Yab + /3)M + A (2.28) 

in this equation (Yab + /3) means the matrix B = Yab I + 13. Equation 

(2.28) can be solved as if it were a scalar equation (Shoemaker, 1978). 

The solution is 

( 2.29) 

where C is a constant of integration which is determined from the 

initial conditions, For instance if we let H = M.(tk) at t = tk then 

(2.30) 
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for t + 00 we obtain H(OO) = (Yab + I!)_l A, and equation (2.30) may be 

rewritten more compactly as 

(2.31 ) 

where t' = t-tk' 

It is possible to obtain an exact expression for M(oo) by solving 

the optical Bloch equation for the steady state case. 

expression is (Shoemaker, 1978) 

M(a> ) 

31( EO 

'{ . .( EO 
aD 

, ., 
~ '- - ~( -

ab 

The final 

(2.32) 

In order to use equation (2.31) we still need to evaluate e-(Yab 

+ I!)t'= e-Yabt'e-/3t'. In the general case the matrix elements must be 

expressed in terms of the roots of a cubic equation. Thus once again we 

need to consider special cases. The most popular case consists of taking 

Yab = y. When this simplification is made the exponential becomes 

(Shoemaker, 1978): 

1 - ;z- (1 - co s gt ' ) 
.,., 

-8t' 
e = 

g 
gt' '...; sin 

)K EO ., 
1.1. _ cos gt') 

o 
o 
.:> 

sin gt' 

cos gt' 

~(l 
0':' . 

- cos 
.:> 

<EO 
':J 
.:> 

singt 

K EO 
- --sin gt' 1-

o 
.:> 

- cos gt') 

,(2.33) 
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Although the condition Y ab = y is restrictive, it has been found 

that for many systems ot interest this constitutes a good approximation. 

The power of the matrix method becomes more apparent when we 

consider multiple pulse sequences. For example in the cases of photon 

echo two pulses of light, as shown in Figure 3, are applied to the 

sample. 

The state of the system at the end of each time interval will be 

given by 

M(t2) 

(2.34) 

where Bi nab + ei)(ti - t i - 1). If we combine all of them together we 

get 

( 2.35) 

Since the Hi(OO) terms give the response of the molecules entering the 

. state a or b after the start of the first pulse, they are usually 

ignored. Equation 2.35 is then reduced to 

M(I:4) = e-llite-B3e-BLM(tl) (2.36) 

Thus the response of the system to any sequence of pulses can be 
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Figure 3. Typical pulse sequence of photon echo and delayed optical nutation. 
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obtained by simply multiplying 3 x 3 matrices together. 

ABSURl-'TlON AND El1lSSlON OF RADlA1lUN 

We have already mentioned that the link between microscopic and 

macroscopic quantities is provided by equation (2.20). It relates the 

quantum mechanical average value of the oscillating dipole moment <~ab> 

to the off-diagonal population matrix element Pab. The polarization of 

the medium is the summation over all molecular velocities, as given by 

Eq. (2.21). The evaluation of this integral requires the transformation 

of ~ab from a coordinate system moving wi~h molecular velocity Vz back 

to the laboratory frame, but according to equation (2.13) this 

transformation is a simple one because we only need to replace ~l' by 

Q - kv and Q't - kz' by Qt - kz 
z 

The connection between the polarization and the absorb.o.d ur 

emitted radiation is provided by Maxwell's equations, which for a gas 

reduce to 

'V D = 0, 'V 
aB . x E at 

'V B 0, 'V Ii = aD . x at (2.37) 

with 

D = EOD + P 

Ii = ~u Ii (2.38) 

By following the standard procedure of taking the curl of the 'V 

x E equation, and substituting the time derivative of the 'V x Ii equation 

for the right-hand side, and using equations (2.38) we obtain the wave 

equation 



2 
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( 2.39) 

This wave equation together with the population matrix (2.19) 

form a coupled set of equations which must be solved self-consistently; 

i.e., the field E which is driven by P in the wave equations is the same 

field used in the population matrix equations to obtain P. In general, 

this constitutes a very difficult mathematical problem; however, for 

dilute gases this problem can be greatly simplified because the incident 

field passes through the gas essentially unchanged. Besides that, the 

effect of the re-radiated fiela is so small that its contribution to the 

population matrix equations can be neglected. In this way, the wave 

equation becomes decoupled from the population matrix equations. Once P 

is obtained, it is then used as a known quantity in the wave equation and 

the field E is regarded as consisting of the re-radiated field only. 

1£ the incident field is given by the plane wave E = 

XlEU cos(n t - kz)] then the polarization and the re-radiated field will 

be plane waves also. In general they can be written as having in-phase 

and Qut-of-phase components in the following way: 

P(Z,t) = xl Pc(z,t)cos(~'t-kz) + 1:'s (z,t)sin(S2t - kz)] 

~ 

E(Z,t) = X[EC(Z,t)cos(Slt - kz) + Es(z,t)sin(Stt - kz)] ( 2.40) 

The components Pc and Ps of the polarization are closely related 

to the u and v co~ponents of the M vector. To see this we simply 

substitute the definition of u and v given by equation (2.22) into 

equations (L..20) and (2.21) to obtain 



00 

P(z,c) \Jab J u dV z cos(~lt - kz) 
_00 

00 

- !lab f vdv z sin(Sn - kz) 

1£ we compare this result with equation (2.40) we find 
00 

Pc = !lab J u dv z , 
_00 

v dv , 
z 
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(2.41) 

(2.42) 

Thus, when multiplied by !lab, u and v are exactly the in and out-of-

phase components of the polarization. 

Now we go back to the wave equation. ::lince Pc' 1:'s' EO, and ES 

are functions of z and t only, equation (2.39) reduces to 

( 2.43) 

with 

1 c 

If equations (2.40) are substituted into equation (2.43), and if the slowly 

varying envelope approximation is made (Shoemaker, 1978) we obtain the 

follcwing two equations for the re-radiated field components. 

OEC 1 O£C 
+ - --oZ c ot 

(2.44) 

In general, the exciting optical field will be applied in a 

sequence of pulses which generates a sequence of changes of the 

polarization, and which also travels at the speed of light in the gas. 

It is, however, more convenient to "travel" along with these pulses and 
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to see the re-radiated field to grow. This is accomplished by making a 

change of variables: instead of writing £c and Ps in terms of the 

variables (z,t) we express them in terms of (z,tk)' where 

tR = t - z/c (2.45) 

is known as the retarded time. From the chain rule for partial 

derivatives we obtain 

a£c(z,t) az a£c(z,t) aCta + z/c) 
+ 

at az at az 

(2.46) 

For a given position z, Pc and Ps are functions of (t - tl) only, 

where tl is the time of arrival at z of the first pulse. Since t - tl = 

tR + z/c - tl' the reduced wave equations become 

(2.47) 

1£ the sample is located b~tween z == ° and z = L, and if the first pulse 

arrives at z = 0 at t = 0, then tl = z/c and equations (2.47) can be 

written as 

(2.48) 

When the propagation speeds of the re-radiated field and the 

polarization are equal then equations (2.48) are trivally integrated 

along the sample, to give 
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( 2.49) 

Since there is no re-radiated field in the front of the sample 

£c(O,t r ) = £s(O,tl<,) = O. Now, if we transform back out of the reduced 

time frame we obtain 

L 
where Tl = -. 

c 

£ S (L,t) ( 2.50) 

This is a very simple result. It shows that the output field £c 

is proportional to P s (t - td evaluated at z = L. These are the 

equations derived in Shoemaker's work where it is assumed that the 

speeds ot the exciting pulses and the re-radiated field are identical. 

This is an obvious assumption to make since this kind of experiment is 

normally performed at low pressures, typically a few millitorrs, and all 

the speeds are very close to the speed of light in vacuum. 

In the remainder of this chapter the discussion departs from 

previous treatments. In particular we show that, for wavelengths in the 

visible, changes in the index of refraction as small as 10-7 can induce 

small speed differences between the re-radiated field and the exciting 

pulses, between successive exciting pulses, or both, which produce 

observable changes in coherent transient effects. 
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Let us assume that the exciting pulse propagates with velocity 

clno and that the re-radiated field propagates with velocity cln (we see 

later how this difference in the index of refraction can be produced). 

The amplituae and phase relations of the polarization along the sample 

are determined by the exciting pulse, and although the polarization does 

not consist of short pulses as the exciting field does, we can think of 

the polarization as propagating with velocity clno too. In Figure 4 the 

case no < n is represented for the amplitudes of the polarization and 

the re-radiated field (triangular shapes are not realistic but they are 

convenient for illustrating the point). 

After a time interval t the re-radiated wave travels the 

distance z = c t and the polarization travels the distance z' = c t. 
n no 

Thus the difference in distances IJ.z is given by IJ.z = z'-z = (2:... - 1)z. 
no 

The re-radiated wave will need an extra time IJ. t to travel the small 

distance IJ. z, with 

IJ.t n ( n - nU) z '" ( n - nO) z 
nOc c 

where the approximation n '" 1 has been made. 
no 

(2.51 ) 

ill order to take this delay into account we need to modify 

equations (2.4H) so that the contribution of the polarization to the re-

radiated field at (z,tl{) is given by the shifted polarization at (z,tR + 

IJ.t). The new equations are 
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;) 
(z,tk) it 

dZ 
t: = - 21:":Oc 

Ps (tl{ + b,tj c 

a 
Ss (z, t /.{) 

~2 
Pc (tl( + M) ( 2.52) dZ = 2£u c 

with ilt given by equation (2.51). If the envelope of Ps changes very 

little in b,t (or equivalently in b,z) we can make the following 

approxima tion: 

n-no 
-- Z c (2.53) 

where ~2 is the average frequency of the polarization. lience for £ c(z,tR) 

we obtain 

n-nu 
--c (2.54) 

we can integrate this equation with respect to z to ohtain 

S C (L, t R) 
J 

Ps ( tR) r- i~~ 
il-I1? = 

2'::0 c 
-- d: "0 e c ( 2.55) 

or 

n-no n-no 

;Z H"2 ~ 
L sinW -rc L) 

sc(L,ck) = Ps(c["<:)e 
2sQc n-n(J 

( 2.56) 

Ci~ --rc) 

1£ we perform the same kind of operations on the equation for 

£s (z,tl{) and if we transform back out of the reduced time frame we 

obtain the following two equations: 



n-no 
n -r'-o sin(~, """7C 

L) 

:: c \ L, c) 
;2L ':l 

7. )e 
ill 2C L 

= - 2£0 c - 5 ( t - n-nO 
( ~, -rc) 

n-no n-nO 

j, L i.12 -zc L sin(n 2C L) 

s 5 (L, c) = 2s(~ c Pc ( C -t 1 ) e (2.57) 
n-no 

W -rc) 

Among other things these equations tell us that each new 

contribution to the re-radiated field is added out of phase to the field 

already accumulated, resulting in a partially destructive interference. 

lhe argument of the sine function can also be written as ir(n-no).!:. 
. A 

Now, if we take A = 0.5 x 10-Sm and L = 1m we find that with In-nol 

= 2.5 x 10-7 the sine factor becomes equal to 0.636. That is about a 

36% reduction in the amplitude of the re-radiated wave. For In-no I 5 

X 10-7 h 1 t e cance lation is complete. 

For the wavelength of a ('02 laser of 10.611 m, and for L = 2.5m, 

we find that the 36% reduction takes place with In-no I = 2 x 10~, and 

the total cancellation with I n-no I = 4.2 x 10-6. 

This result should not be surprising since what we have here is 

a phase mismatch situation. in second harmonic generation for example, 

phase matching is achieved when n2w = nW, that is, when the input beam 

and the second harmonic beam propagate at exactly the same speed, and 

the penalty for deviating from the index-matching condition at a fixed L 

is a reduction of the second harmonic signal output by the factor (Yariv, 

1975) 

e2w ) 

E(2W ) 

MAX 

sin(llkL/2) 
II kL/ 2 
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with lIk = 2w (n 2w 
c 

w 
n). The above expression is almost identical to 

the sine factor in equations (2.57). 

Under phase matched conditions the second-harmonic wave and the 

input wave propagate with the same speed and at the same time. In 

coherent transient effects, however, the signal of interest appears when 

the exciting pulses are gone, and the mismatch occurs between the speed 

at which the polarization was induced in the sample and the speed at 

which the re-radiated wave propagates. 

we will see later that there are very strong indications that 

this phase mismatch indeed occurs in coherent transient effects. In that 

case, it is remarkable that the gas molecules remember the speed at 

which they were prepared even after they have moved in all kind of 

directions with all kind of velocities, and may even have undergone 

velocity changing collisions. 

One implicit assumption that has been made is that the value of 

n-no does not change during the transit time Llc so that we can use the 

same value of it during the z integration. This approximation is not 

very restrictive because Llc is typically two or three nanoseconds long, 

while the exciting pulses are given in toe hundreds of nanoseconds long 

and their separations are microseconds. It is then clear that no serious 

changes take place during the transit time. 

Once the re-radiated field E is obtained either through equations 

(2.50) or through equations (2.57), the total field leaving the sample is 
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given by 

Er = (hO + EC) COS(nt - kL) + ES sin(Qt - kL) ( 2.58) 

and the intensity is given by 

( 2.59) 

where <ET>av denotes the time average of ET over several cycles of the 

optical field. Because both EC and ES are much smaller than EU we can 

ignore the terms Ec2 , and we get 

(2.60) 

so that only the in-phase component Ec contributes to the absorption and 

emission of radiation by the sample. 

In Appendix 1 we discuss the matrix solutions of photon echo and 

delayed optical nutation. 



CHAPTER 3 

EXPERIMENTAL TECHNIQUES 

The theory presented in the previous chapter is intended for 

light pulses such as those shown in Fig. 3 of Chapter 2. But the 

first experiments on photon echo were made using pulsed lasers. 

These lasers tend to produce short pulses with a fast rise and an 

exponential tail which obscures the interpretation of results. In 

addition, it is difficult to observe the transient effects in the 

presence or the intense laser pulses, although elaborate dual-beam 

arrangements were sometimes used to improve matters. 

Stark Switching 

A new experimental technique for the observation of coherent 

transient effects was introduced in 1971 (Brewer and Shoemaker, 

1971). This technique, known as Stark switching, is free from the 

pulsed laser problems discussed above and allows one to make very 

precise measurements on very thin samples. The Lasis of this 

technique is the belief that resonant pulses and light pulses produce 

exactly the same coherent transient effects. In the Stark-switching 

technique the resonance frequency of a polar molecule can be varied 

by applying an electric field across the sample. In this way the 

molecules can be switched in and out of resonance with respect to a 

fixed-frequency laser beam, and if the electric field is applied in an 

appropriate succession of pulses the effect should be the same as 

turning the optical field on and off. 
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The Stark sWitching technique has several advantages over 

the pulsed laser technique. First, the lengths and distribution of 

the pulses can easily be controlled with great precision since they 

are generated electronically. It is practically impossible to 

control pulsed lasers in the same way. Furthermore,. because of the 
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high pulse reproducibility it is possible to average many experiments 

together and thus greatly i.ncrease the signal to noise ratio. 

Another advantage of Stark sWitching is that since the only ac signal 

present at the detector is that of the transient effects, because the 

laser produces just a dc signal. Thus there is no confusion between 

the molecular response and the excitation pulses. The final 

advantage is that Stark sWitching produces a heterodyne signal at the 

detector. ~hen the electric field is removed from the molecules, the 

emission occurs at the molecular response frequency Wo which is now 

different from the laser frequency. Since the laser is always on, 

the frequency shit ted signal and the laser beam will produce a 

heterodyne beat signal at the detector. Heterodyne detection 

increases the sensitivity by at least two orders of magnitude. 

With all these advantages the observation of coherent 

transient effects are far easier with Stark switching techniques than 

with pulsed lasers. However, the technique has the serious 

disadvantage of being only applicable to polar molecules with large 

Stark shifts. 



Frequency Switching 

Another technique more convenient than Stark switchiug has 

been developed. This technique is known as frequency switching and 

it consists of sWitching the laser frequency Q ilJstead of the 

molecular resonance frequency w00 This is accomplished by placing an 

electro-optic crystal inside the laser cavity. When a voltage is 

applied across the crystal its index of refraction changes. This 

changes the optical path length for the light traveling inside the 

cavity and hence changes the laser frequency because this frequency 

must be an integer multiple of c/2L, where L is the effective length 

of the cavity. This technique was first demonstrated by J.L. Hall in 

1973 (Hall, 1973) using a He-Ne laser at 3.39 ~m. More recently a 

frequency switched CO 2 has been developed in our laboratory 

(Shoemaker, et aI., 1982). 

This technique is more versatile than Stark switching since 

it can be applied to any molecule which has resonances with the 

laser, whether it is polar or not. Although frequency switched 

experiments are also highly repeatable, they are more difficult than 

Stark switching experiments. This "is "so because in frequency 

SWitching the laser can develop power transients which are not 

perfectly repeatable. These power transients appear on top of the 

coherent transient effects and can affect their measurement. This 

will be further discussed in Appendix B. 
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There are some complications with the two switching methods 

just described. The problems begin with the fact that in practice it 

is not possible to shift the entire Doppler-broadened transition in 

and out of resonance. It is still possible, however, to obtain 

39 

coherent transient effects by sWitching inside the Gaussian line shape 

because the laser interacts mainly with those molecules which 

satisfy I~~-kvz - wol =152' - wol ~ KEO. Iv!Olecules which do riot satisfy 

this condit10n do not interact resonantly with the field. Since KEO 

is typically 20 MHz, whereas the Doppler width k u is 250 Mhz or more, 

only a small fraction of the molecules interact resonantly. This 

situation is illustrated in Fig. 5 •• 

Both in Stark. switching and in frequency switching the 

relative position of the laser frequency inside the Doppler linewidth 

is shifted and brought into resonance with a totally different group 

of molecules. It is a fundamental assumption in these two techniques 

that once the laser beam is detuned by several KEO' the group of 

resonant molecules will be taken out of resonance completely, and 

that any other interaction 1ilill be totally negligible. The central 

idea of this work is that this is not completely true because there 

is a remaining interaction through the dispersive part of the 

susceptibility whlch produces observable effects in this kind of 

experiment. 

Another complication is caused by the fact that each time 

that one velocity group v of molecules is brought into resonance, 

another velocity group v' is shifted out of resonance. In this way, 
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two different transient effects occur simultaneously: one from the 

group v and another from the group v'. Fortunately this problem is 

not too serious because the two effects have different frequencies; 

one at the laser frequency and the other at the detuned frequency. 

It is only the latter which produces heterodyne beats with the laser 

beam. Thus the two effects are easily distinguished from each other. 

Acoustooptic Switching 

More recently, another technique has been introduced in which 

an acoustooptic modulator is used to shift the laser frequency and 

to deviate the laser beam. The frequency shift is equal to the RF 

drive wave frequency applied to the acoustooptic modulator. The 

angular deviation is proportional to the frequency shift. The RF 

signal is shifted in a sequence of pulses between wand w + ow, as 

depicted in Fig. 6. In this way the AO modulator provides both the 

exciting pulses and the heterodyne field. 

Oiffiru1ties with the Stark Switching and Frequency Switching 
Techinques 

Totally unexpected results were obtained in a photon echo 

experiment performed in 1979 at IBM by Shoemaker et al.(Shoemaker, 

1979). In that experiment the acoustooptic modulator was turned on 

and off at w + ow to generate the exciting pulses, then it was turned 

on again at w to generate the heterodyne field. This situation is 

represented in Fig. 7. 
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The experiment was done at the 6105 h 'Dz ++3h4 transition of 

YAI0 3:Pr 3+, a rare-earth-doped solid cooled to 1.9°K and subjected to 

an external magnetic field to decouple the nuclear spin interactions. 

l'he sample was 0.22 mm thick and the 1:'r 3+ concentration was 0.1 %. 

It was found that for a given pulse separation the echo disappears 

after a few repetitions because of hole burning caused by optical 

pumping of the nuclear hyperfine levels. To avoid this, the laser 

frequency was slowly scanned at 0.5 KRz/~sec through a portion of 

the inhomogeneous linewidth. In this way a fresh set of atoms was 

brought into resonance for every repetition of the experiment. 

Fig. H shows the effect of vary1ng the heterodyne turn-on 

time. Here the pulse separation was kept constant and the echo 

always occurred at 42 ~sec. Each point on the figure represents the 

amplitude of the echo as a function of the heterodyne turn-on time. 

When the heterdyne field is turned on just before the echo occurs, 

the echo amplitude is 36 (arbitrary units). As the heterodyne field 

progressively turned on earlier, however, the echo amplitude 

decreases rapidly by a factor of 6 until the turn-on time coincides 

with the second pulse. This decreased amplitude is due to an 

increase in the echo decay rate caused by the heterodyne field. 

Varying the heterodyne turn-on between the first and second pulses 

appears to have much smaller effect on the echo decay rate 

(~hoemaker, 1979). 

Frequency sWitching experiments were imitated using the 

acoustooptic-based system. This was done by applying the heterodyne 
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field between the two exciting pulses and between the second pulse 

and the echo. As the pulse separation was incremented, it was found 

that the echo decay rates were up to 3 times higher than those 

obtained with the delayed heterodyne technique. It was also found 

that the frequency switched experiment exhibits intensity-dependent 

de phasing while the delayed heterodyne experiment does not 

(Hafarlane, et al., 1979). 
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Intensity-dependent de phasing means that the photon-echo 

decay rates depend on the laser beam power used to pertorm the 

experiment even if the pulse lengths are adjusted to insure that they 

remain as 11/2 and 1T pulses. In intensity-dependent dephasing the 

photon echo decay rates increase by increasing the laser intensity

dependent (Berman, et al., 1975). Power dephasing has often been 

observed in Stark switching and frequency-switching techniques. To 

date, however, no theoretical explanation of this phenomenon ha~ been 

published. Fortunately the dephasing does not affect the pressure 

dependent part of the decay rate, which is the quantity of interest 

in these experiments. 

Another important difficulty with the Stark and frequency

switching techniques is that the decay of some coherent transient 

effects is not smooth or monotonic, as expected from the theory, but 

exhibits modulation. 

very strong. 

Under certain conditions this modulation is 

We have found that the frequency of this modulation is not 

fixed but depends on the laser power. 
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Three different photon echo experiments are shown in Fig. 9. 

In experiment A the power of the laser beam was reduced to 50 mW by 

means of an absorption cell. In experiment B the beam power was 

reduced to 75 mW, and in experiment C the laser power was reduced to 

110 mW. Although only a few cycles of the modulations appear on 

each of these experiments, it is possible to make a good estimation 

of their frequencies by measuring the separation between two 

successive maxima, and then taking the reciprocal. In this way, for 

experiment A we obtain fA ~ 1.05 Mhz. For experiment B (assuming 

that the tirst point corresponds to a maximum) we obtain fB ~ 1.25 

HHz, and for experiment C we obtain fC ~ 1.52 Mhz. 

It will now be shown that these frequencies are proportional 

to the square roots of the laser power, that is, they are 

proportional to the electric field strength. First, we obtain the 

frequency ratios 

0.69, 
fu 

JJ = 0.82 
fC 

now we obtain the electric field ratios: 

50 
T10 ~ 0.674 , 75 

T10 ~ 0.826 

Since the corresponding frequency ratios are practically equal, we 

conclude that modulation frequencies are in fact proportional to the 

field strengths. But we still do not know the constant of 

proportionality. 
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Another photon-echo experiment is shown in Fig. 10. This 

experiment was done at lower pressure and lower laser power, and it 

exhibits at least two well defined cycles. In addition, for this 

experiment the lengths of the exciting pulses was carefully 

optimized and recorded. 
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lhe length of the n/2 pulse was 140 nsec and that of the n 

pulse was 280 nsec. Since a Rabi flopping cycle requires a 2n pulse, 

its duration is 560 nsec. Now it we measure the period of the echo 

mOdulation in Fig. lU we find that it is approximately double the 

l{abi flopping period; that is, its frequency is one half the Rabi 

flopping frequency. 

Delayed heterodyne experiments also exhibit modulation. Van 

Stryland found that tlleir frequency, i.e., is equal to the nutation 

frequency, i.e., equal to the Rabi flopping frequency (Van 

Stryland, 1976). 



CHAPTER 4 

THE ROLE OF THE HETERODYNE FIELD 

it is shown in Chapter 2 that very small differences in the 

indices of refraction for the re-radiated field and the exciting 

pulses are capable of generating significant changes in the re-

radiated field. In this chapter we present a mechanism which 

produces these changes in the refractive index, and which seems to be 

the cause of most of the anomalies described in the previous chapter. 

One characteristic of the experiments described in the 

previous chapter is that the heterodyne field is also pulsed in some 

way. In the Stark and frequency-switching cases they are the 

complements of the exciting pulses, as shown in Fig. 11. In the 

acousto-optic based technique the heterodyne field is intentionally 

applied as a pulse. This is shown in Fig. 7. 

In this chapter the molecules that interact with the 

heterodyne field are called heterodyne molecules, and those that 

interact with the exciting pulses are called experiment molecules. 

The detuning between the heterodyne frequency and -the excitation 

frequency is assumed to be several times KE 0, so that the interaction 

of the heterodyne field with the experiment-molecules is considered 

to be negligible. The same is valid for the interaction of the 

exciting field with the heterodyne molecules. 

here we are interested in the population changes induced by 

the heterodyne field on the heterodyne molecules. These changes are 

very fast and take place during the execution of an experiment. 
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These population changes are described by the vertical component of 

the Bloch vector, which is driven by the heterodyne field. Although 

it is assumed that the heterodyne field does not significantly affect 

the experiment molecules, there is, however, an indirect way by which 

the heterodyne pulses affect the coherent transient effects coming 

from the experiment molecules. This takes place through the 

dispersive part of the susceptibility of the heterodyne molecules. 

This quantity contributes to the index of refraction of the 

experiment pulses and of the re-emitted field of the coherent 

transient eftects. We can understand this if we remember that for 

large detuning c the frequency dependence of. the dispersive, part X I of 

the susceptibility goes as ~ while the absorptive part X" goes 

as -h. it is clear that for some detunings A' can still be Significant 

even 1£ X" is negligible. 

The complex index of refrac.tion .AI is defined by the relation 

• ./f2. = ( 4.1) 

where 

E = EOO + X) EOO + X' - i X"). 

For a low pressure gas we get 

1 .AI", 1 + 2' (X' - i X')· ( 4.2) 

The real part of .. k is what we commonly know as the index of 
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refraction n, which for low pressure is given by 

(4.3) 

or in incremental form 

n - nu ( 4.3') 

For a velocity group of molecules with resonance frequency Wo the 

value of X' at a different frequency w is given by (Yariv, 1975). 

(wo - w) 
Ar( w) (I~.4 ) 

in steady state. 

]J2E 2 
For (w- wO)2» ~ + r 2 we obtain 

x'( w) 
1 

( 4.5) 
w - Wu 

\.IE The detuning can be expressed in terms of the Rabi frequency 11 as 

D 
).JE 11' In this case equation 4.5 becomes 

X'(D) '" - ( 4.6) 

Now, let us consider our particular experiments on SFb molecules. 

The transition diple moment j..J has been measured to be " 0.388 debye 

units (Fox, 1976) which is equal to 1.3 x 10- 3U coul-m. Also from a 
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typical intensity of U.1 watt/cm2-, and using the relation I 

we obtain E '" 870 vim. 

We can make a rough estimate of the value of ~ required for 

observing the modulation shown in Fig. 9. For those experiments a 

long cell of 2.5 m was used. The pressure was set at 6 mtorr, and 

the modulation is on the order of 10% of the total amplitude. 

In order to get a 10% modulation, the sine function in 

equation (~.57) needs to become equal to 0.9. This happens when the 

argument of the function is about 0.8. The argument can also be 

L written as n(n - no) A so that, what we need is 

L nCn - nO> A = 0.8 

With L = 2.5m and A 10.6 l1m the value for the refraction index is 

n - no = 1.08 x 10- I) 

Combining this result with equations (4.3') and (4.6), and assuming a 

detuning of v = 5 we obtain 

boN = 1.43 x 10-17 m- 3• (4.7) 

Now we can check to see if this result is reasonable. At 

room temperature and atmospheric pressure one kilo-mole of gas 

occupies a volume of 24.6m 3. A ldlo-mole consibts of 6.U2 x 10 26 

molecules. Thus, the molecular density is N = 3.22 x lU 19 x P m- 3, 

where P is the gas pressure expressed in millitorr. At 6 millitorr 

we get til = 1.93 x 10 2Om- 3. This is the total molecular density which 

is distributed in all the energy levels and in all the velocity 

groups. But only those molecules which are in a certain rotational 
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level, and moving with velocities within a certru n velocity range 

interact with the heterodyne beam. Let us assume that only 1% of 

the mole~ules are initially in that particular rotational level so 

that we are left with 1.93 x 10 10 molecules per cubic meter, and of 

those only a fraction, given approximately by the ratio of the power 

broadened linewidth tl'1> to the Doppler broadened linewidth tlWn, will 

have the correct velocities. The mathematical expressions for these 

two quantities are 

lJE = 2 11 ( 4.8) 

and 

2KT 
He to ln2. (4.9) 

with the values of ~ and E given above we get 

~Ulp = 21.44 MHz. 

For SF 6 H = 2.44 x 10- 25Kg, and '.'lith T "". 3CJO"K and UlU 1.78 x 10 14 

rad we obtain 
sec 

6tq) = 181 HHz 

From these values we find that only 11.85 % of the molecules 

interact significantly with the laser beam. This percentage is with 

respect to the 1% of the total population assumed to be in a single 

rotational level. This is equivalent to 0.118 % of the total 

population, or 2.29 x 10 17 m- 3. This result, obtained through 

physical considerations, compares very well with that of equation 

(4.7), which was obtained through mathematical considerations. 



The main uncertainty in this calculation is the percentage of 

the population in a single rotational level. however since the 

experiments of Fig. 9 were made at a frequency at which the SF b 

molecule responds more strongly to the CO 2 laser beam, it is likely 

that the percentage is on the order 1 %. In any case, everything 

indicates that there are plenty of molecules available to reach the 

value of liN in expression (4.7). It must be emphasized, however, that 

~ is not the population density that interacts with the heterodyne 

pulse, but the difference between the population density existing 

before the first exciting pulse and that existing when the echo 

appears. Thus ~ is just a fraction of all the hete~odyne molecules. 

We interpret these results as a strong support for the 

mechanism implied in equations (2.57). In Chapter 6 these equations 

are used as the basis for a computer simulation of the anomalies 

discussed in Chapter 3. A qualitative account of them is given in 

this chapter, howevp.r, and we begin with the modulation of photon 

echo. 

Because the heterodyne pulse pi 0 is very long (see Fig. 11), 

the population differences of the heterodyne molecules have already 

reached their steady state values at the end of the pulse. These 

values are given by the last row of equation (2.32); however, when 

the heterodyne beam is turned off and on, these populations become 

oscillatory again, with the most important contributions oscillating 

at or close to the i{abi-flopping frequency. Thus, the net population 

fluctuation coming from all the heterodyne molecules roughly 
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oscillates at that frequency. Although this is intuitively obvious, 

it is also confirmed by the numerical calculations of Chapter 6. 

In order to see how the modulation of the photon echo 

envelope originates, it is convenient to turn to a graphical 

description. In Fig. 12 two photon echo experiments are represented 

for two different pulse separations. The dotted lines represent the 

heterodyne pulses, and the wavy lines represent the population 

pulsations &J associated with pulse P 2.' (these pulsations are assumed 

to be roughly independent of the length of PI'). The hatched pulses 

represent the photon echoes. 

When P I' is incremented by t,T, the photon echo is delayed by 

2 t,T, but the population pulsations are delayed only by [{l', so that 

the delay of the photon echo relative to &'l is just &. The 

resulting effect is that when the peak value of the echo is plotted 

versus t, it exhibits a modulation whose frequency is only half the 

frequency of lIN, that is, half the Rabi flopping frequency. This is 

in perfect agreement with the experimental observations. 

Consequently, the frequency of the modulation should be proportional 

to the square root of the heterodyne intensity. 

Next, we present a qualitative explanation of the modulation 

of the delayed nutation experiments. This experimental technique is 

described in Appendix A. 

In Fig. 13 the dot ted lines again represent the heterodyne 

pulses and the wavy lines represent the population pulsations &J 

associated with the pulse PI'. The hatchE.\d pulses represent the 
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delayed nutation signals. 

As the pulse Pi' is incremented by t,T, the signal pulse is 

also delayed by t,T. However, /::.N is not delayed. It keeps oscillating 

as long as the pulse Pi' is on. Unce Pi' is removed, ~ does not 

oscillate any more but decays slowly, according to the decay 

constant y. In this way, the signal pulse is subjected to a 

fluctuating index of refraction whose frequency is close to the Rabi 

flopping frequency. 

There is an additional difference between the modulation of 

the photon echo and the modulation of the delayed nutation. In the 

photon echo case the re-radiated field and the exciting pulses 

experience slightly different indices of refraction because of the 

action of heterodyne field on the heterodyne molecules. But in the 

delayed nutation case the signal pulse and the second exciting pulse 

experience the same index of refraction. 1his can be appreciated in 

Fig. 13. Thus they are added with a constant phase relation along 

the sample eell. The source of the modulation is the refractive 

index difference experienced by the first exciting pulse Pi and the 

second exciting pulse P2. The first pulse propagates when the 

refractive index has reached its steady state value, while the second 

pulse and the signal pulses are subjected to the index variations. 

Because of the speed dif ferences bet ween pulses Pi and P L 

different points along the sample cell appear to be subjected to 

slightly different pulse separations, so that, as the reradiated field 

propagates along the cell it picks up contributions corresponding to 
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slightly different experiments. 

Since the pulse P2 and the signal propagate with the same 

speed, the polarization and the reradiated field are related by a 

differential equation like (2.4S), but with a modified retarded time 

tR' = tR + lIt K, where lItk = - ~ (n - nJ = - ~ I§l. Here nO and n 

are the refractive indices associated with pulses PI and P2 (or the 

signal) respectively. Thus 

and 

a 
~ Es (z,tR') = (4.10) 

that is, 

a £ ( zlln) az s z,tR - c (4.11 ) 

If the envelC\pes of £c' £s' Ps and Pc change very little in ~ M, then 

equations (4.11) can be approximated by the equations 

ztn 
c 

= 
-i )~Z 

-i l.z 

-c 

-. ( 4.12) 
c 

After integration, rearrangement of terms, and transformation back 
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out of the reduced time frame, as was done to derive equation (2.57), 

we get 

QLm . (QLfln) 
i -rc 51n --

(L, t) 0L p s ( t - ,)e 
2c 

e:c = '27(jC QLt.n 
2'C 

i 
0Lbn . (QLlm) 
--rc 51n --

(L,t) \2L 
Pc (t - T) e 

2c (4.13 ) <:s = 2 c: IF QLfln 
2'C 

with T = ..!:: and with t=O when the first pulse arrives at z=O. These 
c 

equations are identical to equations (2.57), although they do not 

describe exactly the same process. It is clear, however, that for 

equal values of ~ the amplitudes of the modulation of the photon 

echo and of the delayed optical nutation are the same. 

We now turn our attention to the delayed heterodyne 

experiment discussed in Chapter 3, and to the interpretation of the 

curves shown in Fig. 8. We present here a qualitative explanation for 

these facts and in the next chapter a computer simulation is made. 

However, since some relevant details of the IBM experiment are 

unknown, the simulation is made instead for SF b gas excited with a 

CO 2 laser. l<esults similar to those shown in Fig. 8 are obtained in 

this way. We consider these results as an evidence that the curves 

shown in Fig. b are, to a great extent, a two-level system 

phenomenon. 
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In Fig. 14 several positions of the heterodyne pulse are 

shown along with the corresponding changes /§I of the refractive 

index. The heterodyne pulse was generated by applying a 75 Nliz 

pulse to the acousto-optic modulator. This was done independently of 

the 8U l'1hz pulses for generating the TT/2. and TT pulses. 

The heterodyne pulse is applied to a fresh set of molecules, 

and so the population of these molecules starts moving to the upper 

level, changing the index of refraction n at the frequency of the 

photon echo. As the heterodyne pulse is turned on earlier, more 

molecules move to the upper level and n is modified still further. 

When the heterodyne pulse is applied after the TT pulse, then 

equations (2.57) are perfectly applicable to each one of the 

component waves of the photon echo. Equation (2.57) was derived for 

the case in which the two exciting pulses propagated with the same 

speed and only the reradiated wave propagated with different speed, 

and that is excactly the situation here. 

If the heterodyne molecules were allow,::.d to complete one 

half of Rabi cycle then the photon echo would start to recover its 

original amplitude, but that does not seem to be the case in Fig. 8. 

The photon echo amplitude diminishes steadily as the heterodyne pulse 

is moved to the left until it reaches t~e TT pulse. According to Fig. 

b this means that in almost 20 !-Sec the heterodyne molecules do not 

complete one half of a Rab.i. flopping cycle. 

During the experiment, the power of the experimental beam 

was set at 10mW, and the lowest power for the heterodyne beam was 
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1.2 mw. lhis gives a ratio ot 3 to 1 for their Rabi frequencies. 

Since the length of the IT/2 pulses was ~2 jJsec, it follows that the 

length of a heterodyne half cycle should be ~ 12 )JSec. As a 

consequence, the echo amplitude should start recovering before the 

heterodyne turn-on reaches back to the IT pulse, but as mentioned 

above, that does not happen. There must be means by which the 

effect of the heterodyne beam on the re-radiated field is reduced. 

It is not difficult to find a solution to this problem once 

the effects of the optical elements on the laser beam are known. 

The acousto-optic modulator, for example, detlects the laser beam (A 

= 0.6105 j.JIll) by 14 milli-radian when driven at cO-MHz. When the 

driving frequency is changed to 75 MHz, the deflection angle is 

changed by a certain amount ~b. This amount can be derived from the 

Bragg condition (Yariv, 1976) 

2Ag sin e = ),,/n 

where A and \; are the wavelengths of light and sound respectively. 

1£ \; is changed by ~Ag then 

tan 6 

Since ~\;/ \; = - ~~l/ r4 where n is the frequency of the RF signal, 

then for ~n/ 5l = 5 Hliz/ ~O HHz we obtain 

Ml = ~ '" 0.9 milli-radians 

The laser beam was focused by a lens with focal length of 10 

cm. 8y using the equation w 0 = f AI 71W (Siegman, 1971) we find that a 

laser beam of w = 1 mm (as was the one used in the experiment) is 



focused into a spot of radius w 0 ,= 0.0199 mm. Now, since the 

experimental and heterodyne beams have an angular separation, they 

are focused at different spots on the focal plane. The centers of 

these spots are separated by tsx. = f {).b = 0.09 mm. This separation is 

about 4.6 times larger than wo so that the beams are well seporated 

at the focal plane, but they overlap again beyond the focal plane. 

This is shown in Fig. 15, although not on the correct scale. 

Depending on the position of the sample along the beam almost any 

ratio of fields, between 1/3 and practically zero, can be obtained. 

One obvious conclusion that can be drawn from these results 

is that if the sample is placed in the vicinity of the focal plane, 

then the heterodyne pulse will not affect the re-radiated field, and 

the experimental results should be cleaner. 

Whe~ the heterodyne pulse is turned on before the exciting n 

pulse, however, the problem is somewhat more complicated because the 

n/2 pulse, the n pulse, and the re-radiated field all have different 

propagation speeds. We can represent their respective indices of 

refraction by no> nl and n2> and define the differences iY:lI = nl - nO 

and t:n. 2 = n 2. - n ()o 

Equation (2.54) was del'iveJ for the case t:n.l = 0 and I5n 2. :;: o. 

In order to derive the equations for' the case I5n 1 * 0 and I5n 2. :j: 0, we 

can split the problem in two parts: first we consider the case in 

which In 1 = ill 2 * 0 and then introduce the difference /:I12 - !§II * O. 

The case IYn 1 = ill 2 is precisely the case of the delayed 

optical nutation and it is determined by equaUons (4.12). If we 
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consider only the differential equation for E
C

' we get 

-i i2 - c 
=> - c 

, (4.14) 

Now, if the polarization and the reradiated wave do not propagate 

with the same index of refraction, there is an additional de phasing 

as in equation (2.54), but with the difference that here the phase 

factor is given by 

nrn 1 "0 •• 'LllZ-Cnl 
z il2 _ z 

e c 
:» e c 

In this way we obtain 

-c = -

«(+.15 ) 

The factor of 2 multiplying ~l is rather surprising because 

a balanced contribution from ~ 1 and /§l2 appears more reasonable. 

However, this equation is correct because when we take /:in 1 = /§l2 it 

reduces to equation (4.12), and when /:in 1 = 0, it reduces to (2.54) as 

it should. 

If we integrate equation (4.15) in the usual way and apply 

the same procedure for ES then we obtain the following pair of 

equations: 



m .• = 2E IF 

ill. 
2' soc p s 

L'n 2. 

irL Tc 
(c-1')e 

o 

m.( Ln 2. - 2 m 1) 
sin(----~2~c----~) 

\I:L( m 2. - 2 m 1) 

( 2c ) 

m.( en 2. - 2 en 0 
sine 2c ) 

\I:L( m 2. - 2 m 0 
( 2c -) 

~ow we can obtain more insight about the process that takes 

place in Fig. 8: as the heterodyne pulse is displaced to the left, the 

index of refraction increments at the time that the photon-echo is 

formed. Initially tn 2 increases monotonically while I:n 1 = O. This 

reduces the amplitude of the reradiated waves, according to equation 

(4.16), but when the heterodyne pulse moves to the left of the 1T 

pulse then I:nl becomes different from zero and partially neutralizes 

in 2 with the advantage of having a double weight. As the heterodyne 

pulse is moved further to the left a complete cancellation occurs 

(2tnl catches up with tnz), and then the argument of the sine 

function in (4.16) becomes negative and the function decreases again. 

The fact tha.t the photon echo is not totally rEa_overed when 2 tn 1 = 

t:n:2. is probably because hole-burning has irreversibly contributed to 

The fact that for increased heterodyne power the photon echo 

drops fas ter, as shown in Fig. 8 for 1.2 mW and 1.S mW, can be 

understood if we realize that because of power broadening more atoms 
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interact with the heterodyne field, and that population change takes 

place faster. This gives larger values of fIt 2 and ti11 all the the 

time. 

In the next chapter I:n 1 and ti12 are obtained numerically and 

equation (4.16) is used to obtain the amplitude reduction of the 

photon-echo. In fact this is done not only to simulate the delayed 

heterodyne experiment, but to simulate ~11:'; I,bol:o ,-echo modulation 

too. 
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ChAPTER 5 

NUMERICAL CALCULATIO~S 

In this chapter we make use of equations like (2.35) and 

(2.36) to obtain the population fluctuations of the heterodyne 

molecules. This is done in order to simulate the modulation of the 

photon echo and of the delayed optical nutation as well as the 

delayed heterodyne experiment. All of them are described in Chapter 

3. 

In photon echo and delayed optical nutation the heterodyne 

field has been on for a long time at the moment that the first 

experiment pulse is applied, as can be appreciated from Figs. 16(a) 

and 16(b). under these conditions the M vectors for the heterodyne 

molecules have reached their steady state values and are given by 

equation (2.32). It is with respect to the w components of these 

steady state vectors that the population fluctuations are referred. 

By following the same procedure used for deriving equation 

(2.35) we obtain the following expression for the heterodyne 

molecules in the photon echo: 

M = 

u(t s) 

vetS) 

wetS) 

= e -Bs e -Blj. e -B3 e -B'2. [14 (co) -M (co)] 

-+- e - as e - Blj. e - ~3 [M (OJ) - M (co)] 
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and for the heterodyne molecules in delayed optical nutation we have 

U(t3) 

~ I. '~3) = '/(t3) = e- B3 e-a2[M~(Xl)-M2(CO)1 

where according to equation (2.32), for i=l, 3, 5 we have 

M.(co) = 
1 

1..1 (t . ) 
1 

v (t. ) 
1 

w(t.) I . 1 

= 
n -;1, 

a 0 

h ,/'f) K:2 S2 
. , aD J 

and for i=2, 4 

M .. I~ :0) = 
1 

o 

o 

_ '( :2 
. aD 

According to equation (2.33), for i 3,5 

"( .'< =,", 
aD J 

ab 

~ - I" 
, .J. - ) 



-8. -y ~t. 
e 1 = e 3.0 1 

while for i=2,4 

- 8. -y . ..\ t. 
e 1 a I:' 1. 

= e 

1 

) . e 
--SIn . 

g 1 

5<E.) (I-case.) 
cr"-' 1 
.::> 

coso6.t. 
1 

-sinoi..\t:. 
1 

0 

case. 
1 

~ sine. 
g 1 

sino6.t. 
1 

cosC6.t. 
1 

0 

sind. 
1 
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2 ~, 

1 
_ < c,7J _ ...... ..J.. __ ( l-cos;3 . : 

g':" l' 

(3.3) 

0 

(5.6) 
a 

1 

where the following definitions have been used in equations (5.5) and 

( 5.6) 

6.t. = t. t. - 1 
1 1 1 

0 = QI Wo = Q - kv - Wo z 
(5.7) 

g =Jo2 + K2E6 

e. = gll t .. 
1 1 



The population fluctuations of the heterodyne molecules at 

the moment that the photon echo appears are given by 

d 

75 

6N(Echo) :: r 
max 

[wets) - '.Y(t~1 Jd:, 

J_o 

( 5.8) 

max 

~~hereas for the optical delayed nutation they are given by 

6N(ODN) == ( 5. 9) 

max 

where omax is a convenient upper limit for de tuning such as 2.5 KEO. 

In order to find the fluctuations of the index of refraction 

at the experiment frequencies it is necessary to substitute ~N either 

from equation (5.8) or (5.9) into equation (4.5) and then substitute 

the resul t into equation (4.3') 

In the case of the delayed heterodyne technique the 

population fluctuations of the heterodyne molecules are obtained 

more easily than in the previ':>us cases. In this case the heterodyne 

field is applied only once and the population distribution is in 

thermal equilibrium. 

In this case the M(a» terms, i. e., thc !:'csponse of the 

molecules entering states a or b after the start of the pulse, will 

be ignored. The matrix governing the interaction of the heterodyne 



TI/2 TI 

_~L. AEXperirnental 

t t It 
1 2 I t It I 5 

I 3 • 4 I 

I 

---~-.Ja 
t 

n 

I 
I I I 

Heterodyne 
\ > t4 

~~~~H~e:o~~ne 
t 

n 

Figure 17. In delayed heterodyne technique the heterodyne field 
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field with the molecules between the turn-on time th and any other 

-BOh time ti is represented by e l 0 In this way we obtain 
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(5.10) 

with 

M (t, ) 
~ - ". 
:J,J._ 

.L 

The matrix eHih is given by equation (5.5) so that the W component of 

H( ti) in equation (5.10) becomes: 

( 5.12) 

where g 

when tn > t 4 (See Fig. 17) we only need to obtain the refractive 

index chauge flnz to b(~ user; in equation (4.16) because the two 

exciting pulses propagate at the same speed, and in this case flni 

o. On the other hand, when th < t3 both flnl and fl"2 need to be 

calculated because in general, the TI /2 pulse. the TI pulse and the 

reradiated field all propagate at different speeds. flni and flnZ are 

related to flN(tS) and AN(t3) respectively, through equations (4.3') and 

(4.4). 

The population fluctuations are given by 



:5 J max 
~N(t3) ::: . ['.('3) (n a (6) - nb(6»]d6, 

-0 
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( 5.13) 

max 
and 

<5 

r max 

t.N(ts) ::: [I-J( t 5) - (Da (6) - n b ( 15») ] d:5 , 

)0 
( 5.14) 

max 

Results of Numerical Calculations 

Some results of numerical calculations for photon echo in 

SF 6 are shown in Fig. 18. They were obtained by multiplying the sine 

factor in equation (4.16) by a decay f~ctor, and no direct calculation 

of the echo itself was made. 

The decay is given by -2tz~v 
e " I, where t Z 3 is the time 

separation between the n/2 and n pulses and the value of the decay 

constant -y is approximately 0 .. 03/ ).lsec-mtorr (Scotti., 1982). 

The parameters used in these calculations are as close as 

possible to those of the real experiments shown in Fig. 9, and they 

are as follows: 

diple moment !l = 0.388 Debye 

population density N = 3.22 x 1017 mtorr- l m- 3 

sample lp.ngth L = 2.5m 

detuning D = 3.5 

pressure P 6 mtor.r 
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Figure 18. Computer simulation of photon echo modulations 
in SF6 (at 6 mtorr.). 
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In addition, three different levels of laser power are considered: 

IVA = 50 m\~, \'v'B:: 75 mW, and ~VC = 110 mW. These power levels together 

with the value of the dipole moment given above determine the 

following Rabi flopping periods for the popul~tions of the heterodyne 

molecUles: 

TA = 0.826 \.Isec 

TB 0.677 \.Isec 

TC = 0.559 \.Isec 

We can see in Fig. 13 how the frequency of the photon echo modulation 

changes with the laser power and that the period of the modulation 

is precisely double the Rabi flopping period at that power level. 

This is in perfect agreement with the experimental observation of 

Chapter 3 and with the qualitative explanation of Chapter 4. 

Some results of numerical calculations for delayed nutation 

in ::;F b are shown in Fig. 19. All parameters are the same as used for 

photon echo, except for the pressure, which was reduced to 3 mtorr 

because the modulations tend to be stronger in delayed nutation than 

in photon echo. 

The frequency of the modulation is exactly equal to the Rabi 

flopping frequency, as was observed by Van Stryland (1976). 

Finally, the computer simulation of the delayed heterodyne 

experiment is shown in Fig. 20. This simulation is made for SF6 and 

the parameters are considered to be the same as those used to obtain 

the echo modulation of Fig. 17, except that the power of the exciting 
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pulses is assumed to be 100 mW. The pulse separation is kept fixed 

at 1 ).Jsec. 
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These results are very similar to those shown in Fig. ts which 

were obtained for a very short sample of a rare-earth solid. fu 

order to avoid oscillations of the curve between the lr pulse and the 

photon echo it is necessary to maintain the heterodyne power at a 

very low level. In case A, the electric-field amplitude of the 

heterodyne field is just 4.5 % of that of the exciting field, but in 

case B, it is 5 % of the same field. The power dependence is also 

similar to that shown in Fig. 8. The main difference is that in our 

simulation the photon echo amplitude has recovered completely when 

the heterodyne pulse is turned on somewhere between the n/2 and n 

pulse while in Fig. 8 it has not. 



APPENDIX A 

PHOTON ~CHO AND DELAYED OPTICAL NUTATIUN 

Photon Echo 

When a pulse of radiation excites molecules in a gas to a 

superposition of states a and b, a phased array of oscillating dipole 

moments is produced. when the pulse is turned off, the molecular 

dipoles continue to oscilJate and radiate a field. Owing to their 

translational motion, the dipoles get out of phase with each other 

and this causes the observed emission to die away. 

The vector model picture is very instructive in this case. 

Consider a sample initially in thermal equilibrium which is excited 

by an intense pulse whose frequency is n = w00 Let us assume, for 

simplicity, that the pulse intensity is such that we have KEO » KU. 

We then have KEU » <5 for all molecular velocities v z • Thj.s produces 

a driving vector 52 which lies nearly along the I axis for all 

molecules, and they will interact resonantly. When the pulse is 

removed the emission dies away in a time given approximately by l/KU 

due to Doppler dephasing. Here, KU is the inhomogeneous Doppler 

width, as defined in Fig. 5. Picking the first pulse area to be -rr/2 

we find the M vectors for all molecules lying along the -u axis at t 

= t z' as shown in Fig. A-l(a). The dephasing process is shown in Fig. 

A-l(b) where we have superimposed the M vectors, for several 

different velocity groups on a common frame of reference so that the 
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relative phases of the oscillating dipoles can readily be seen. Since 

the vectors dephase at a rate Knz between pulses, the angle a(t3) 

between anyone of these vectors and the -n axis is given by a(t3) = 

KVzltj - t2). Now at time t3, an intense pulse is turned on again, 

but this time we choose the pulse area to be n. This pulse has the 

effect of changing a to n-2, as shown in l<'ig. A-l(c). That is, U(t4) = 

IT - KV z (t3 - tZ). Following the pulse, the vectors continue their 

dephasing motion sc that aCt) = n - KV z (t3 - tZ) + KVZ(t - t4). 

Clearly, at t - t4 = t3 - tz we have aCt) = n for all molecules 

regardless of velocity, so that all the dipoles are in phase with 

eachother producing a strong signal again, Fig. A-l(d). This signal is 

known as photon echo. Since the dephasing motion continues, the 

photon echo signal quickly dies away too. 

So far we have only considered the case in which the pulses 

were so intense that K~U »ku. While this situation can be obtained 

in some pulsed laser experiments, one move often has the reverse 

case KEO « KU, especially if Stark or fre~uency sWitching is done. 

In this situation, the effects of moler.ules excited off resonance are 

large and must be taken into account exactly. This usually means . 

the evaluation of expressions like equation (2.35) or (2.36) for each 

velocity group, and then the integration of all the velocity groups 

to obtain the total polariztion, according to equation (2.42). In 

general this task requires the use of a computer. 
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DELAYED OPTlCAL NUTATION 

When an exciting laser beam is suddenly applied to a gas 

sample, the molecules are driven back and forth between the ground 

and excited states, giving rise to an alternating absorption and 

emission of radiation which is called optical nutation. In spite of 

the :tact that not all the velocity groups nutate at the same 

frequency, the integrated polarization coming from all the velocity 

groups oscillates at the frequency KEU, which is the Rabi flopping 

frequency for exact resonance. Also the peak height of the initial 

absorption spike is proportional to the initial population difference 

(lIlb - Na ), (Shoemaker, 1978). 

The delayed optical nutation technique consists of initially 

exciting the system with a pulse of area TI and allowing it to relax 

for a period of time TD, and then suddenly shifting the system back 

into resonance to produce an optical nutation signal. The height of 

the absorption spike provides a measure of the population difference 

existing at that time. According to Fig. A-2, the population decay is 

given by the difference S(oo) - S(TD). By repeating the experiment for 

different delay times TD, we can measure the decay rates of the 

level populations. 
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APPc.NDlX B 

fru~QuENCY SwllCHED CO 2 LASER 

This appendix discusses the most important characteristics of 

the laser system used to obtain the experimental results of figures 

9 and 10. This system was developed in our laboratory by R.E. Scotti 

and is tully described in his dissertation (1982). 

A highly stable CO2 laser was modified to include an intra

cavity electrooptic modulator, which allows the output of the laser 

to be frequency switched. The modulator consists of cadmium 

telluride .. crystal that changes its index of refraction when a voltage 

is applied across it. This changes the effective length of the laser 

cavity and as a consequence the laser frequency also changes. The 

frequency change was measured to be approximately 1 MHz per every 

100 volts. 

The laser cavity uses a 95 % reflectivity, 2m radius, ZnSe 

mirror at one end and a gold coated 80£/mm grating on the other end. 

The laser length is 149 cm. The ZnSe mirror is attached to a 

cylindrical stack PZT element which is used in a stabilization 

scheme. The PZT adjusts the length of the cavity to prevent the 

frequency drift of the laser. The laser frequency can be tuned by 

relating the grating with an external lJ1·j -:rometer. The grating is 

arranged in a Lit trow type mount. The blazed first order is 

reflected back on itself. It also produces a zero order reflected 
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beam which changes its direction as the grating is rotated; however, 

the beam deviation can be eliminated by means of a 2 mirror 

combination attached to the grating. This allows using the zero 

order beam as another laser (Fig. B-1). 

It has been found that when the lasing frequency is suddenly 

changed this laser intensity undergoes small fluctuations. The sign 

and peak values of these fluctuations are dependent on the position 

of the lasing frequency inside the laser gain curve. In particular 

when the frequency switching takes place about the center of the 

gain profile the fluctuations are almost zero. 

It is possible to trigger a boxcar averager with the same 

sync pulse that triggers the pulse generator, and thus to sample the 

intensity transien~ at the same position for every experiment. The 

window of the boxcar is normally positioned to coincide with the 

first peak of the intensity transient. The output of the boxcar is a 

d.c. voltage proportional to the height of the peak. When the laser 

frequency changes the boxcar output also changes. 

A frequency stabilization system was developed which utilizes 

the boxcar output and closes the feedback loop with the PZT crystal, 

which adjusts the cavity length. The system is capable of holding 

stabilization within one megahertz for several hours. 

it has been found that apart from the above intensity 

fluctuations there is an additional ringing of the laser intensity 

caused by the vibrations of the electrooptic crystal. These 

vibrations are induced by sudden changes of the voltage applied to 
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the crystal and are sufficiently long-lived as to affect the photon 

echo measurements. 

In order to eliminate these interferences from the 

measurements, it is necessary to run the experiment twice; first with 

the sample gas in the cell and tr ith the cell evacuated. These 

results are then subtracted and w~ are left only with the signal 

coming from the gas. 
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