CHAPTER 4

Excitation of Rubidium with Shaped Pulses

4.1 Introduction

In previous chapters, we have demonstrated that this pul se shaping system can produce
the hyperbolic secant pulse with hyperbolic tangent frequency sweep. In this chapter, we
explain why this pulse shapeis particularly important. To do this, we review the extensive
literature relating to two-level systems. We will then experimentally study the effect of the
shaped pulses on the atomic system of rubidium.

In thisintroduction, we outline the theoretical ideas that motivated us to
perform this experiment. The two level system of magnetic dipole oscillating in an applied
magnetic and dectric fiedld may be described by the Bloch equations[1, 2]. The equations
are essential tothefield of NMR (Nuclear Magnetic Resonance). In NMR, a strong
applied magnetic field B will give an atom with magnetic moment mtwo energy levels. An
applied rf signal is then used to move the atom from one state to ancther. In these Bloch
equations, the dipole vector is given by the three direction vectors, [u,v,w]. In this chapter
we will a'so use the notation [ry, 1, r3].

It has been shown that the Bloch equations can also be applied to an atom
with two energy levels [3], such as the Rubidium atom, which has atransition at 794.7nm.

In this case, the coordinates [y, r», 3] refer to the population in the upper state, and the
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phase of this population, rather than the physical orientation of the magnetic dipole. The
vector which determines the state of the system isreferred to as the Bloch vector, and the
equations are known as the optical Bloch equations when applied to this atomic
wavefunction.

For applications such as laser selective chemistry, it will be useful to invert
thistwo level system. In general, we say that a two-level system cannot be inverted, and
we can at best get half of the population in each state. However, this statement is not true
in the case of intense, short pulses.

Solving the Bloch equations give the result that an intense Gaussian pulse
will cause Rabi oscillations [4]. Rabi oscillations refer to the popul ation oscillating back
and forth between the upper and lower states. Thistype of inversion is neither robust, nor
isit frequency sdective. By robust, we mean that over a wide range of input intensities,
the pulse will invert the system. With a Gaussian pulse, because of the Rabi oscillations,
theinversion is not robust. Frequency selective refersto the idea that we can choose to
invert just one transition, and not other transitions close by. With the Gaussian pulse,
other transitions near the resonance frequency will also be inverted.

A solution to the optical Bloch equations that is robust is the frequency
swept pulse. If the pulse is swept from bel ow resonance to above resonance, then the
system will be inverted. Aslong as the pulseintensty is high enough, then this pulse will
invert the system without Rabi oscillations. Thisis referred to as adiabatic rapid passage.

Experiments with frequency swept pul ses have demonstrated that they are indeed robust.
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The other desired quality of a pulseis frequency sdectivity. A particular
solution to the optical Bloch equationsis the secant hyperbolic pulse. This pulse will invert
the system, and it is frequency selective, because of its shapein the frequency domain. A
hyperbolic secant pulse with hyperbolic tangent frequency sweep is a pulse that is both
robust and frequency sdlective. Thisis the pulse that was demonstrated in the previous
chapters, and in this chapter, we will show the experimental result of this pulse on a two-
level system.

To complete the theoretical discussion, it must be mentioned that the Bloch
equations are sufficient to describe an optically thin medium, but for an optically thick
medium, the Maxwell-Bloch equations must be used. The Maxwell-Bloch equations add
pul se propagation effects to the equations: the pul se affects the atomic state, and the
atomic state affects the pulse. The Maxwell-Bloch eguations are coupled equations that
require a computer to solve. Previous work [5] has shown that the secant hyperbolic pulse
will propagate through an optically thick medium without changing its shape or inversion
profile.

To implement this theory experimentally, we excited rubidium atoms with
the shaped pulses. As we will show, our experimental results did not agree with our
theoretical expectations. Experimentally, we observed that the gaussian pulse induced
inversion, and that the two different frequency sweep directions of the hyperbolic secant
pulse would cause different responses in the atomic system. These results contradicted our

theoretical predictions.
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A re-examination of the theory showed that it was valid for the case where
the optical spectral bandwidth was narrower than the atomic linewidth, which we will refer
to as the optically narrow case. In this experiment, we studied the opposite limit, where
the optical spectrum was much wider than the atomic linewidth, which we refer to as the
optically broad case. Computer ssimulation results showed that, with this adjustment to our
theory, it did match with the experimental results.

The results of this experiment indicate that the atomic state can be prepared
by choosing different pulse shapes. Thiswork has immediate practical applications as well.
Currently, excited state Rbis a critical reagent in the preparation of spin-polarized *He,
which isitsdf, the key component in MRI studies of lungs [6]. Inverting rubidium as

described here may have medical applications.

4.2 Derivation of the Optical Bloch Equations

Asdiscussed in section 5.1, the Bloch equations are a set of equations that were
developed for the case of NMR [1,2]. We will follow the derivation of [3], to show that
the Bloch equations can be applied to the two-level atomic system in an dectricfield, a
result known as the optical Bloch equations.

This derivation is donein the Schrodinger formalism. Consider a two-level

system with eigenvectors [f 1> and [f 2>. Then a general wavefunction iswritten as
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y =alf 1>+blf 2>, where a and b are complex coefficients. Applying the Schrodinger

equation to this waveform, it is found that:

ih%l =a(hw,/2) +V, ] +bV, 4.9
Similar equations are written for a*,b, and b*. In fact, the two coefficients a and b can be
described by 3 numbers, since the phase of the total wavefunction is arbitrary. The vector

components ry,rp, and r; are written as follows:

r{= ab* +ba*
r,= i(ab*-ba*) (4.2)
3= aa* -bb*

The components r; and r, give phase information, and the component r3 gives the level
population. We can look at r as a vector, with the three components given above. The
Hamiltonian H is rewritten as follows:

Wy = (Vo +Via) 172
W, = i(\/ab - Vba)/h (4.3)
W3 = WO
When the Hamiltonian H and the vector y in thisform, the Schrodinger equation reduces

to this elegant form, where the crossin the equation below signifies vector multiplication:
dr/dt=w" r (4.4)
This equation isin fact identical to the equation of a dipole magnet precessing in a

magnetic field, a Stuation to which the Bloch equations apply. Thus, we see that when the
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two-level atomic system iswritten is thisform, it becomes formally identical to other,
well-known physical phenomena.
For an dectric dipole Dm=0 trangtion, V ;»,=nyE, where my, isthe (real)

atomic dipole moment, and the vector w becomes:

w, =V, +V ) /h=-2(m, /h)E
w, =iV, - V,,)/h=0 (4.5
W3 :WO

With this value of w, Equation (4.4) becomes:

L =Wy,
r, =-w,r, +nEr, (4.6)
ry = - nkr,

To complete these equations, we add the relaxation terms, which werein the original
Hamiltonian. The term T, is the dephasing time, and the term T, is the radiative decay
time. We also shift to the rotating frame of reference, centered about the resonance

frequency W, so that the term Dw refers to the frequency offset [4].

r, = (Dw)r, - u/T,',
r, =-(Dw)r, + nEr, - 1, /T, (4.7)
o =-nEr, - (- 1)/T,

4.3 Solutions of the Bloch Equations
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In this section, we show the solutions to the Bloch equations for afew special cases. The
presentation here may be somewhat difficult to understand because it must be short, so we
encourage the interested reader to consult reference [4] for a more compl ete derivation.

First, we discuss the Gaussian pulse, which will cause Rabi oscillations. We
show the secant hyperbolic pulse, which is the analytic solution of the Bloch equations,
and isthe natural response of the system. Finally we show adiabatic rapid passage.

A useful parameter isthe pulse area, defined by:

q(t) =k ge(t)at’ (4.8
k =2hn/m

From (4.8), Rabi oscillations can be derived at D=0. As q varies from 0O to p, the value of
w changes from —1 to +1, which corresponds to complete inversion. The variable g can be
interpreted as the Bloch-vector tipping angle, or the angle that the Bloch vector makes
with the w-axis, which determines the inversion.

Another interesting effect that can be seen from these equations is known as adiabatic
passage. We first make the assumption that the response function v is proportional to

detuning from the resonance frequency.

V(t,zD)=-(sinq)F(D) 4.9
An equation for g can then be found:

JrA
Ve

q(t,2) = 4tanzlgexp§'t LYe (4.11)
e
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Thus, the eectric fidd of (4.12) represents a solution to the Bloch equations.

Et,2) = &2 Ysech@® 10 (4.12)
ektg et g

4.4 Adiabatic Passage

In the rotating frame, the applied torqueis given by (E,,0,D), where D is the detuning from
resonance W. If we start with D<0, and then sweep to D>0, then the atomic state will
adiabatically follow this torque from the ground state w=-1 to the excited state w=1[7].
This may be contrasted to the case without the frequency sweep, where Rabi oscillations
are found as the pulse changes intensity. In this case, there will be no Rabi oscillations
with intensity change. As discussed in the introduction, the idea that the pulse will invert
the atomic state and is not very senditive to the input intensity, is known as robustness. It
has been shown experimentally that a swept Gaussian pulse, for example, will be robust in
this sense.

Thisisthe hyperbolic secant pulse that was shown in earlier STRUT
images. Thereason that thisis known as adiabatic rapid passage is because we can view
the state as precessing around the Bloch vector. The applied eectric field corresponds to
an applied torque. If the torque is changed slowly, then the Bloch vector will follow it.
Thisideais shown in Figure 4-1. With the applied torque of the hyperbolic secant, the

Bloch vector will adiabatically rotate into the inverted state. The hyperbolic secant pulse
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has the property of robustness, because it works over a wide range of detuning
frequencies D.

The concepts of adiabatic passage have already been demonstrated in
NMR. Also, in alater section we will reference an experiment on adiabatic passage, using

achirped laser pulse.
4.5 The Maxwell-Bloch Equations. pulse propagation

The Bloch equations given in the previous sections are sufficient to
describe the effect of a pulse on a two-level system. However, for an optically dense
medium, we must not only consider the effect of the pulse on the atomic system, but also
consider the effect of the atomic system on the pulse. The propagation of a pulse through
an optically dense two-level medium is described by the Maxwell-Bloch equations [5].

This system of equations combines Maxwell’s classical wave equation

1E@zY) 11°E@Y _ 1 PPzt
12* c?  qt? ec? qt?

(4.13)

where P(z,t) =u(zt) +iv(zt) isthe polarization, u(z,t)and v(z,t) are, respectively, the
in-phase and out-of-phase components of the polarization, and e isthe permeability of

free space, with Bloch’s quantum-mechanical description of the fidld-matter interaction:
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% = iDww(t) +sinf (ME, / 2n)w(t) - u(t)/T,

%’ =-iDwu(t) - cosf (nE, /2n)w(t) - v(t)/T, (4.14)

?‘1" = cosf (NE,/ 2a)v(t) - Snf (nE, / 2a)u(t) - (W(t) - w,)/T,

These coupled equations describe both the evolution of the atomic system and the
reshaping of the pulse as it propagates through an optically dense medium. In generd,
they must be solved numerically. Note that we have switched notation from r to [u,v,w]
which is more commonly used.

An interesting result that is found from these equations is that the pulse
seeks a certain area, where the area of the pulse is given by Eq.(4.8). It should be noted
that area and intendity are two different concepts. The area of a pulse can change, even if
its intensity does not. For a pulse area less than p, it is found that the pulse area decays to
0. For a pulse energy greater than p, but less than 2p, the pulse area goes to 2p. When this
pulse achieves an area of exactly 2p, and the secant hyperbolic pulse shape, it will
propagate through the medium without attenuation. This phenomenon is known as sdlf-
induced transparency [8]. These results are somewhat counter-intuitive, because we are
more familiar with the exponential decay of a pulse as it propagates through a medium
(this decay is known as Beer’s Law). However, in the case of short, intense pulses, the

exponential decay is no longer the correct solution.
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It is interesting to study the effects of the various pulse shapes on the
atomic population. The secant hyperbolic pulse may be written as a complex field, which
we will denote as the sec pulse:

E(t)=sech(at)**™ (4.15)
where a isrdated to the fwhm of the pulse (t = 2.6/a). In the case where n=0, sdf-
induced transparency will be observed if the sec pulse has the correct area. When n=0 is
nonzero, there is afrequency sweep, and ARP will be observed. The sec pulse will
efficiently (nearly 100% inversion) and robustly (i.e. to changesin Rabi frequency) transfer
ground state population to the excited state in the two-level system. Moreover, the sec
inversion profile is square and does not vary with even large changesin Rabi frequency
(laser intengity). Thus, sec pulses areideal for sdectively exciting transitions in multilevel
systems (e.g. vibrationa trangtionsin an anharmonic potential) [7]. The numerical
solution of the Maxwell-Bloch equations show that the sec pulse will not be distorted
(only theintensity will decrease) asit propagates through an optically dense medium [5],
in the optically narrow case as defined in the introduction to this chapter. This property is
useful, because it means that the pulse will be able to excite the material system in the
same way, even asit propagates.

In Fig.4-2, we show the copy of a page from [5] (permission granted by
W.S.Warren). Thisfigure shows many of the concepts described in the previous sections.
Thefigure on the lower left shows temporal reshaping of a pulse asit passes through an

optically dense medium. This pulse starts with an area of p, and maintainsthisarea asit
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propagates. However, it seeks to reshape itself into the secant hyperbolic pulse. Thisisan
example of sdf-induced transparency. The plot on the upper right of Fig.4-2 showsthat as
the pulse reshapes itsdlf, the inversion profile (with the x-axis as frequency) will also
reshape. The plot below this one shows that a secant hyperbolic pulse with hyperbolic
tangent frequency sweep will not broaden in time as it propagates through an optically
dense medium. The plot on the lower right shows that the inversion profile will not change
with propagation distance.

The useful properties of the sec pulse motivated us to construct a laser
system, to observe how such a pulse would affect a real two-level system. The
experimental results in the next section will show that our results differed from the
theoretical predictions. The important difference is that the theoretical results were
calculated for the case of an opticaly narrow system, while the experimental conditions
were for an optically broad system, as defined in the introduction. We will show
theoretical calculations that confirm that the experimental results are consistent with the

theory, after this modification is made.

4.6 Experimental Setup

To generate the sec pulse described, we used the ultrafast pulse shaping
system described in Chapter 3. This system uses an acousto-optic modulator and is

capable of shaping both the amplitude and phase of laser pulses. The output pulses of this

104



amplified pulseshaper characteritically have energies of 200m¥pulse and minimum pulse
lengths of 120fs.

The shaped pulses were observed with a spectrometer (APEX) that uses a
1800line/mm grating with a photodiode array that can resolve 512 waveength points. The
spectrometer resolution was 0.3nm for our experiments. The STRUT (discussed in
previous chapters) was aso used to characterize both the phase and amplitude of the
shaped pulses before and after propagation through the Rb cell.

The gaussian pulses we used in these experiments, (the unshaped pulses)
typicaly had a FWHM of 8nm and a temporal length of 150fs. The shaped pulse with
a=1.0x10" and m=-8 in Eq.(4.15), which we will denote as the sec- pulse, was generated
with the pulse shaping system. This pulse sweeps in wavelength from higher wavelength at
earlier time, to lower wavelength at later time. The sec+ pulse, with m=+8 and
a=1.0x10", was also generated, which has the opposite direction of frequency sweep. In
theory, for the optically narrow case the gaussian pulse should excite half the population.
Both the sec- and sect+ pulses, on the other hand, are predicted to completely invert the
system.

As mentioned above, this work studies the D; rubidium trangition. This
energy levels are shown in Fig.4-3. In our experiments, Rb may be modeled as a two-level
system, as the two nearest eectronic transitions, the 5S,,> 5Ps, and 5P, = 5D, are,

respectively, at 780.2nm and 775.9nm [3], which lie beyond the bandwidth of our pulses.
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Furthermore, the hyperfine splitting of the 5S,,, and 5P;; levels is not resolvable due to
pressure broadening.

Our experimental setup is an absorption spectroscopy setup, with the pulse
studied after it passes through the cell, as shown in Fig.4-4A. The cell is made of optical
quality gas, BK7, and also contains helium. The pressure of the cell is 200Torr. Because
smilar effects were obtained with nitrogen, the interaction of the rubidium with the helium
isnot significant. The rubidium isin the solid state until it is heated to 100C. The cdll was
heated by wrapping electrical heating tape around it, typically to a temperature of 150C.
The spectrometer was located approximately 3m away from the cell, and there were no
lenses between the cell and the spectrometer. Fig.4-4B shows some variations on this
experiment that we studied. The lens L1 could be used to focus the beam, therefore
changing the Rabi frequencies. The waveplate and polarizers were used to study the
response of the rubidium to different light polarizations. For example, we could send a
horizontally polarized beam into the cdll, and measure just the vertically polarized output
light. Also, by adjusting the orientation of waveplate W1 to the polarizer P1, we could
vary the input intensity.

We aso did a pump probe experiment, with a weak probe energy of
approximately 10m¥pulse, which is shown in Fig.4-5. In the pump-probe experiments, we
delay the probe relative to the pump by a delay time, ty. Since the probe is a weak beam, it
is viewed as a measurement tool, rather than something that changes the system
significantly. We will use the pump-probe experiment to determine the lifetime of the

inverson.
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4.7 Literature Review

The results that we will show in the next sections show pulse reshaping, as well as
stimulated emission, when a femtosecond pulse travels through an optically dense medium.
At the same time as we did this experiment, other research reported similar work. In the
work of [9], researchers have reported observing pulse reshaping. They observe different
pulse shapes as a function of pulse intendty. In this case, the input pulse is an unamplified
femtosecond gaussian pulse, which has pulse energy of 15nJ. The atomic system under
study is the 4°S,® 4°Py, (770.1nm) transition of potassium, which should have the same
dipole moment as the rubidium transition that we studied. There would appear to be an
inconsistency between our work and their work, in the sense that they report a pulse area
of p, usng a much lower pulse energy. The difference arises from the physical pulse areg;
in our work, we use a pulse area of (1cm)?, whilein their work, they focus the beam down
to (100mm)® This gives a factor of 10e4 difference in intensity. This explains why the
pulse used in our work has an energy of 200mJ, and an area of approximatdy p, and the
pulse used in their work had an energy of 15nJ (which is afactor of 10e4 less) and also an
area of p. We note that the larger pulse physical size in our work may allow us to study
longer propagation distances, since it does not diffract asrapidly asthe pulse of [9].
Another interesting work is reported in [10], where researchers have

studied pulse propagation in fused dlica. In this work, an amplified Ti:sapphire laser is
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used to demonstrate propagation effects. In the case of fused silica, the physical effects are
described by the nonlinear Schrodinger equation, rather than the Optical Maxwell Bloch
equations. Evidence of pulse splitting and pulse reshaping is observed.

Finally, we mention [7], in which it is demonstrated that adiabatically
chirped pulses will invert a two-level system. This experiment used sodium, and the
fluorescence was measured. In this case, the pulse was chirped by altering the compressor,
so that a pulse shaping system was not necessary. The fluorescence was measured, and it
was shown that a chirped pulse is much more effective at inverting the system than an
unchirped pulse. Unfortunately, in this thesis, we did not measure the fluorescence,
because our cdl design did not permit this. In the work of [7], the spectrum is not
measured in the sense that it is measured here. Thus, although the systems of this thesis

and [7] have many similarities, they cannot be directly compared.

4.8. Pulse Reshaping in the Spectral Domain

In Fig.4-6, we show the spectrum of aweak pulse as it passes though the
cdl. Therubidium is contained in a nitrogen buffer gas, which collisonally broadens the
linewidth to a FWHM of 0.6GHz. Thisimplies a collisonal dephasing time of T,=1.7ps.
Thisfigure can also be used to state that the optical density of the transition is
approximately 2.8, where optical density is defined as the ratio of the intensity (at

resonance) without the rubidium to the beam intensity with the rubidium.
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In Fig.4-7, we show the reshaping of the gaussan beam as it passes
through the cdl. The blue curve in Fig.4-7 represents the cell heated, and the magenta
curve shows the cell cold. The green line in Fig.4-7 shows the difference between the two
curves, which has an absorption dip and an emission peak. This shows pulse reshaping. At
a lower wavelength, absorption is occurring, and emission is occurring at the higher
wavelength.

In Fig.4-8, we show the spectra of the three types of laser pulses after
passing through the Rb cell. These pulses are al intense and have pulse areas larger than
p. The Gaussian pulse shows absorption and strong emission, and the sect+ pulse aso
shows emission. The sec- pulse shows hardly any emission.

Fig.4-9 is taken for the case of higher optical density and a more intense
pulse. In Fig.4-9A, the intense gaussan pulse is depicted after having passed through the
cell. The dip on the left side of this spectrum appears to be an absorption feature, and the
peak on the right an emission feature. In an optically thin medium, or if the laser pulseis
weak, only an absorption dip appears in the spectrum. In Fig.4-9B the absorption
spectrum of the sect+ pulse is shown. In the absence of Rb, this pulse has a rectangular
spectrum. Here, once again, the dip and the peak are vishble in the same configuration as
that in Fig.4-9A. Finaly, in Fig.4-9C, we show the absorption profile of the sec- pulse. It
can be seen that in this case, the dip and the peak are now reversed.

Because the laser pulseis chirped, it inverts population at one wavelength
and then de-excites it at another. The gaussian pulseisinitially unchirped, but becomes

chirped by the Rb vapor. Thisis shown schematically in Fig.4-10. The gaussian pulseis
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shown as it propagates through the medium at three different points, z=0, z=1, and z=2,
where z represents a nondimensional z-coordinate. In the region of the resonance, the
blue side of the spectrum is chirped so that it arrives at an earlier time than thered sde.
Thus, the blue sideis absorbed as it excites the atoms, and the red side of the spectrum
induces stimulated emission. This explanation may need to include self-focusing, discussed
bel ow, to be complete. Thisideais continued in Fig.4-11, for the case of the sec pulses.
Because the two different pulses have opposite chirps, they will be reshaped in different
ways.

At this point we make a technical experimental note. The sect+ pulseis
defined by Eq.(4.15). If one looks at the RF setup in Fig.2-15, it may be apparent that by
switching the cables labeled channd 1 and channel 2, the sect+ pulse can be turned into a
sec- pulse. Thus, to be careful, we must convince ourselves that the pulse that we denote
asthe sec+ pulseisredlly the sect pulse. Thisis done by taking an experimental STRUT
trace, and comparing it with theory. Theoretical calculations show usthat the sec-
pulse sweeps from lower wavelength to higher wavelength, and the sec+ pulse
sweeps from higher wavelength to lower wavelength (thisis put in boldface because it
isuseful for reference).

Preliminary cal culations have been done to show that the Maxwell-Bloch
equations are consistent with our experimental observations. These calculations were
made using the computer program developed in reference [5]. We note that, in the case of

[5], the optical beam was narrow, where in this case, the pulse was broad. The terms

110



narrow and broad are defined in section 4.1. Because of this difference, we observe pulse
reshaping that was not predicted by [5].

In Fig.4-12, we show the theoretical calculation results for the propagation
of the intense sec+ beam. It can be seen that the spectral reshaping of the beam is quite
similar to the experimental observation of Fig.4-9B. In Fig.4-13, we show the result for
the sec- pulse, which corresponds to the observation of Fig.4-6C. Note that these
theoretical spectra are asymmetric in much the same way as the experiments. In this
model, we used the parameters of an optical density of 2, a cell length of 8cm, and a
collisonal lifetime of 2ps. Theresults at z=40 (in arb. units) are consistent with the results
of Fig.4-9. These resultswill be discussed more completely in [11].

The beam al so becomes focused as it propagates through the medium. This
well-known phenomenon is known as self-focusing [10], and is predicted by the Maxwell-
Bloch equations. In this work, we observe the spectral dependence of self-focusing. By
taking the output beam and isolating it with a pinhole, the emission feature of Fig.4-8
could beisolated as a single peak. This experimental result, shown as Fig.4-14, was
cons stent with our theoretical model. We also studied the polarization of this spectral
feature. If apolarizer is placed after the cell and is set to regject the polarization direction
of the input beam, then the peak of Fig.4-7 (top) appears enhanced relative to the rest of
the spectrum (i.e.,, the polarization of the peak featureis different from that of the input

laser beam).

4.9 Using the STRUT to study pulse reshaping
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The STRUT can be used as a powerful tool to study the nature of the pul se reshaping
described in the previous section. The STRUT data set for the gaussian pulseis shown in
Fig.4-15. It ismore difficult to take this STRUT after the beam passes through the cdl,
because the glass may cause the beam to disperse. It can be seen that the contrast and
intensity of these STRUT figures are lower than those in previous chapters. The data set
of Fig.4-15 has a number of interesting features. In the original STRUT data set, we can
seethat thereisa small feature that is separated from the main pulse. This feature may
indicate pulse splitting, which has been observed in our theoretical smulations. In the
phase derivative picture, the dispersion line shows a feature that is characteristic of the
dispersion curve of aresonant feature. Thisis consistent with our theoretical explanation
of the chirping effect as the pul se propagates through the medium. It isinteresting to note
that the feature appears to appear before the main pulse in time. This may be interpreted as
a superluminous effect, which refersto the fact that at the resonance frequency of a two-
level system, light will travel faster than the velocity of light in avacuum, c. This seems
paradoxical, and many papers have been written that discuss whether faster than light
communication is possiblein this case [11].

In Fig.4-16, we show the STRUT data set for the sect+ pulse. As
mentioned previoudy, the sec+ pul se sweeps from higher wavelength to lower
wavelength. The emission feature can be seen in the STRUT data set, aswell asan

absorption feature. The derivative of the phase shows the presence of rubidium. This
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figure may be compared with Fig.3-12, to see the sect+ pulse without rubidium. The sec-
pulseisshown in Fig.4-17. In this case, the STRUT shows only absorption.

At first glance, the STRUT data is somewhat confusing, because it appears
that the sec- pulse is more effective at inducing emission than the sec+ pulse, which
contradicts the data of Fig.4-8. However, our interpretation is that the sec- pulse induces
emisson in away Smilar to Rabi oscillations, so that the system isinverted but then
quickly returned to the lower level. The sec+ pulse inverts the system, and leavesit in the

inverted state. For thisreason, the STRUT trace will appear only as absorption.

4.10 Pump-Probe Data

In order to study the dynamics of the spectral features we observed, we
captured temporal information via a pump-probe experiment. These pump-probe results
have not yet been theoretically modeled. In Fig.4-18 we show the pump-probe experiment
for the gaussian. The red line shows the probe, with pump off, and the blue line shows the
probe, with pump on. It can be seen that the pump increases the signal at resonance by a
factor of R»5. Thisratiowill depend on the delay between pump and probe; this particular
data set istaken at the delay point wheretheratio R is maximized. In Fig.4-19, we show
the full time resolved pump-probe data. It can be seen that the system isinverted for a
time of approximately 10ps. In thisfigure, and all figures that follow, we have normalized

the intengity so that the gaussian pulse without rubidium will have an intengity of 1 at the
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resonance feature. In Fig.4-21, we show the same data, in which thefirst lineis considered
background, and subtracted away from all sets. This data set shows that the effects of the
probe last for about 20 ps. Close examination of this data set shows interesting spectral
behavior. There areripplesin the spectrum far away from resonance. Also, the peak itsalf
changes spectral location as the delay position is changed.

In Fig.4-22, the pump-probe result is shown, for the case of the sect+ pulse.
It can be seen that theratio R, between pumped and unpumped signal, is on the order of
30, which is 3 times higher than the value for the gaussian pulse. In Fig.4-23, we show the
time resolved data, without basdline subtraction, for the sec+ pulse. Comparing these
results with the gaussian pump-probe results, it would appear that the sect+ pulseis more
effective at inverting the population. Fig 4-24 shows the time resolved data, with basdline
subtraction, for the sec+ pulse.

In Fig.4-24, the pump-probe result is shown, for the case of the sec- pulse.
Theratio R, between pumped and unpumped signal, is on the order of 6, which is amilar
to the value for the gaussian pulse, but smaller than the sec- pulse. Fig.4-24 also shows
extensive pulse reshaping including an interesting doublet feature at the peak. It is
surprising that with only one energy level, the pulse can be reshaped at wavel engths far
from resonance. One explanation for thisis the dressed states that are induced by the
intense dectric field. They will cause the atom to absorb even far from resonance. These
effects are probably related to the white light continuum discussed in Chapter 2. In fact, it
may be interesting to do a pump-probe experiment for the water cdll, which to our

knowledge has not been done. In Fig.4-25, we show the time resolved data, without
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basdline subtraction, for the sec+ pulse. Close examination of Fig.4-25 also shows spectral
shiftsin the peak wavelength. Fig 4-26 shows the time-resolved data, with basdine
subtraction, for the sec- pulse.

In Fig.4-27, we summarize the pump-probe data. This datais somewhat
difficult to interpret because of the oscillations. Also, this data does not show the spectral
effects are occurring. Nevertheless, it seemsfair to conclude that the sect+ pulse inverts the
system more effectively and for alonger time span than the other pul se shapes.

If these oscillatory effects in Fig.4-27 did not occur, then it could be
concluded that we were seeing the incoherent decay of the system. We must distinguish
between the case where the atoms are coherently and incoherently inverted. Coherent
inversion refers to an effect where the atom is excited on the timescale of the excitation
pulse. Incoherent inverson means that the system is inverted longer than the excitation
pulse. In fact, the inverson lifetime is longer than the collisonal time, which means that
the atoms are in an incoherent state. To demonstrate a device such as a laser, we would
need to have the atoms incoherently inverted, which we describe as real inverson. The
timescale of the pump-probe experiment indicates that the inversion lifetime is longer than
10ps, which is longer than the collisonal lifetime of 1ps. However, the existence of the
ostillatory effects may mean that we are gtill in the timescale where the atoms are
coherently prepared. One experimental difficulty was the short collisonal lifetime, which
arises because of the presence of nitrogen buffer gas. In future experiments we intend to

study a gas cell that contains only rubidium.
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4.11 Conclusions

In concluson, we have constructed an ultrafast amplified pulse shaping
system. This system was used to generate shaped pulses to excite an atomic medium. Our
goal was to observe adiabatic rapid passage.

We have observed both coherent effects that arise when a shaped
femtosecond pulse propagates through an optically dense medium. These effects include
pulse reshaping, sdlf-focusing, and stimulated emission. It is observed, both theoretically
and experimentally, that the different pulse shapes excite the atomic system in different
fashion. The pump-probe results show inverson, and may demonstrate that ARP has
occurred. However, because the pump-probe experiment shows coherent effects, the
nature of the inversion is still not completey understood. We do observe that the sect+
pulse is the most efficient among the three pulse shapes at generating this inversion. This
demonstrates the capability of the pulse shaping system to control the atomic state. This
work may have applications to the excitation of rubidium for the production of spin-
polarized He. The results are intriguing, and we expect to continue investigating these

phenomena.
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This shows the experimental

setup for the pump-probe experiment.
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