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We describe experimentally accessible diagnostics for the excitation of optically dense frequency-selective media by linear frequency-chirped pulses using a sensitive pump–probe technique on the 7 F 0 to 5 D 0 transitions
of 1.0% Eu3⫹:Y2 SiO5 . Distinct features within a transmitted cw probe pulse are used to identify the combination of linear chirp rate and optical power needed to produce an average Bloch-vector rotation of 90°. The
resulting superposition state is thus an equal mixture of the ground and excited states on average. We find
experimentally a linear relationship between the applied chirp-pulse intensity and chirp rate required to produce this half-inversion, a conclusion supported by both analytical calculations made using a Landau–Zener
approach, and detailed computer simulations using the Maxwell–Bloch model. The numerical simulations
predict experimentally observed phenomena such as the reshaping of probe pulses by stimulated emission or
absorption. Finally, we quantify the relationship between chirp rate and optical power for half-inversion as a
function of the optical density of the medium. The pump–probe experimental techniques and simulation
analysis techniques developed here can be extended to produce an arbitrary mixture of ground and excited
states, on average, in media spanning a wide range of optical density. Preparation of such media by chirped
pulses for applications in quantum computing, photon-echo-based time-domain storage, and signal processing
will be aided by these techniques. © 2004 Optical Society of America
OCIS codes: 060.5060, 300.6240, 160.5690, 000.4430.

1. INTRODUCTION
Optical coherent transients (OCTs) have been used extensively for coherent spectroscopy of optical materials1 and
have been proposed and demonstrated as the basis for
storage and processing of both classical and quantum information. In particular, Levenson2 and Mossberg3 independently proposed that a hole-burning material such as
Eu3⫹:Y2 SiO5 (Eu:YSO) could record the product of the
Fourier transforms of three pulses: the two optical
pulses (reference and data) used to write a spectral grating, and the recall pulse.2 It was originally proposed that
the reference and recall pulses should be brief tone
bursts, ideally resembling a delta function with constant
power over the data spectrum,3 in order to reproduce a
data pulse with the highest fidelity. It was soon realized
that, although such a pair of brief reference and recall
pulses can, in principle, accurately reproduce stored data,
the optical power available from laser sources of the appropriate wavelength is typically too low. Practical
sources often cannot provide enough power in a brief
pulse to pump a significant fraction of the medium from
the ground state to the excited state over the wide bandwidth of the data to be stored and retrieved. Linear
frequency-chirped4 optical pulses have been proposed5
and demonstrated6 as both a practical substitute for brief
reference pulses in power-limited circumstances and as
0740-3224/2004/040811-09$15.00

an enabling component of novel processor functions in
OCT-based devices.
Many demonstrations of optical pulse compression,6
data storage,7 bit-rate conversion and time reversal,8 and
true-time delay9 have been conducted using chirped
pulses. However, propagation effects in optically dense
media,10 ion–ion effects such as excitation-induced
dephasing,11 and nonuniform transverse laser intensity
profile all complicate optimization of OCT devices, regardless of excitation-pulse format. Brief pulse excitation of
frequency-selective media having a wide range of optical
density, and reshaping of such pulses upon propagation
through these media, have been investigated extensively
both theoretically and experimentally.12 Analogous studies using linear frequency-chirped pulses are comparatively lacking in the literature.
The objective of this work was to study how a chirp optically pumps the 7 F 0 to 5 D 0 transitions in Eu:YSO. In
particular, we wished to determine the chirp rate and optical power needed to produce, on average, an equal superposition of the ground and excited states in the media.
A pulse that creates such a superposition would be analogous to a pulse having an area13 of /2 except that the resulting half-inversion could be produced over a large
bandwidth when using such chirped pulses. In this paper, we describe an experimentally accessible diagnostic
© 2004 Optical Society of America
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for excitation with chirps. First, we pump the media
from the ground state with a chirp of interest, then we
use the reshaping of a brief probe pulse to gauge the average population inversion produced by the chirp. Oscilloscope recordings of several such pump–probe experiments are shown in Fig. 1; the transmitted intensity of
the chirped pump and brief probe pulse, and the photon
echo that they generate, are shown on separate scales.
Figure 1 shows that as the optical power in the chirp is
increased (with both chirp rate and bandwidth fixed), the
overall slope of the transmitted probe changes from positive to zero to negative. We interpret these three regimes as corresponding to less than a half-inversion, halfinversion, and greater than half-inversion, respectively,
as averaged over the length of the optically dense media,
Gaussian spatial profile of the laser beam, and bandwidth
of the probe pulse. The upward trend in transmitted

Fig. 1. Oscilloscope traces of transmitted chirped-pump/cwprobe pulse pairs and the resulting photon echo; each is an average of 32 shots. The chirp rate is fixed. The shape of the transmitted probe pulse indicates the degree of inversion created by
the chirped pulse. ‘‘H’’ indicates the highest applied chirp
power, and ‘‘L’’ is the lowest.
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pulse intensity in the first regime corresponds to continued optical pumping and absorption from the incident
field. The decreasing intensity of the transmitted pulse
in the third regime results from net stimulated emission
due to the greater than half-inversion produced by the
most intense of the three chirps. Thus the middle regime
corresponds to a half-inversion, where absorption and
stimulated emission are balanced on average throughout
the optically dense medium, allowing the probe pulse to
pass through nearly unperturbed. This interpretation of
the shape of the transmitted probe pulse provides a
simple diagnostic of the degree of media inversion.
Using this pump–probe technique, we were able to
identify experimentally the combinations of chirp rate
and applied optical chirp intensity required to create a
half-inversion. The open circles in Fig. 2 summarize a
series of experiments where the applied chirp power necessary to create a half-inversion, at a variety of applied
chirp rates, was indicated by the probe pulse. These results are plotted in terms of the Rabi frequency (which is
proportional to the applied electric field) of the applied
chirp and the square root of the chirp rate. This figure
shows that, when a half-inversion has been created, a linear relationship exists between the applied chirp intensity and chirp rate. Transmitted probe pulses have been
inset to illustrate the reshaping that occurs when the
combination of chirp power and chirp rate differs from
that required to create a half-inversion. In the remainder of this paper, we support this interpretation using a
combination of experiments, numerical simulations based
on the coupled Maxwell–Bloch equations, and analytical
calculations based on Landau–Zener theory. The experimental diagnostics and simulation analysis described
here will aid in the precision preparation of frequencyselective media for applications such as quantum
computation14,15 and OCT-based memory and signal processing.

2. BACKGROUND

Fig. 2. Combinations of chirp Rabi frequency and root chirp rate
that created a half-inversion in experiment (open circles) and in
simulation (solid triangles). The dotted line is a linear fit to the
simulation results. The solid line is the low optical-density limit
predicted by Landau–Zener theory. The slopes of lines on this
graph are dimensionless-coupling strengths, ⌽.

Landau and Zener observed16,17 that there is an exact,
analytic solution to the two-level Schrödinger equation for
a system having an interaction potential of constant amplitude and a resonance condition between the two levels
that varies linearly with time. It was later realized that
this problem is mathematically identical to that of driving
a two-level system whose energy levels are constant in
time with a harmonic-excitation field whose frequency is
swept linearly in time. More recently, Vitanov and
Garraway18 presented a detailed discussion of approximate solutions to the Landau–Zener problem for the case
of finite-duration excitations, such as chirped laser
pulses. The Landau–Zener model is attractive because it
has been used to derive simple, analytic expressions that
predict the transition probability of an atom under
chirped excitation, but it is important to recognize that
the theory describes a highly idealized physical system.
Population and coherence decay are neglected, so the
treatment is valid only for time intervals that are short
compared with the dephasing time of the material being
used. Because the starting point is the two-level Schrödinger equation, Landau–Zener theory is applied here,
assuming that there is a single average transition dipole
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moment  21 that effectively describes the entire sample.
However, our experiments use a sample that is optically
dense, has nine hyperfine transitions per isotope, and is
excited by a nonuniform transverse laser intensity profile.
Subject to these qualifications, Landau–Zener theory
predicts transition probabilities for chirped excitation of a
two-level system initially in the ground state. Vitanov
and Garraway have solved this problem explicitly in
terms of a ‘‘scaled dimensionless coupling strength,’’
which is a fundamental scaling parameter for chirped excitation of a two-level system:
⌽⬅

⍀0
共 B c /  c 兲 1/2

.

(1)

Here ⍀ 0 ⫽  21E 0 /ប is the Rabi frequency of the chirped
pulse in units of s⫺1 (here ⍀ 0 should be thought of as the
effective electric field E 0 , normalized by the dipole moment); B c /  c is the experimental chirp rate in units of s⫺2,
where B c and  c are the chirp bandwidth in hertz and
chirp duration in seconds, respectively.19 Therefore the
dimensionless coupling strength squared, ⌽ 2 , is proportional to the ratio of the applied chirp-pulse intensity to
the applied chirp rate.
If the time–bandwidth of the chirp is large, then for atoms whose resonance frequencies are near the center frequency of the chirp, the original Landau–Zener formula
for transition probability P to the excited state in terms of
the dimensionless coupling strength applies:
P ⫽ 1 ⫺ exp关 ⫺共  ⌽ 兲 2 兴 .
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3. EXPERIMENTAL METHODS AND
APPARATUS
The Eu:YSO spectral hole-burning material has been
studied extensively for persistent, time-domain optical
memory.21–24 By design, it provides both persistent storage (several days under cryogenic conditions) in the
ground-state hyperfine levels of the Eu3⫹ ions and a long
coherence lifetime due to negligible dephasing of the Eu3⫹
by nuclear spin flips of the Y2 SiO5 host constituents. A
crystal of nominal 1.0% Eu concentration was obtained
from Scientific Materials Corporation, Bozeman, Montana. The crystal was oriented25–27 with its D 1 axis parallel with the linearly polarized laser and its b axis parallel with the laser propagation direction. The crystal
was 2.6 mm thick, with ␣ 0 ⫽ 4.6 cm⫺1 for a peak absorption length of ␣ 0 L ⫽ 1.2 ⫾ 0.1. Experiments were conducted on crystallographic Site 1, located at 579.879 nm,
with the crystal at a temperature of 4.0 ⫾ 0.2 K in an Oxford Instruments model CF1204 He cryostat. Under
these conditions, the coherence lifetime, T 2 , was previously measured to be ⬃1.1 ms for 1% dopant concentration, and the upper-state lifetime, T 1 , was ⬃2.0 ms.24
A schematic of the laser systems and the experimental
apparatus is shown in Fig. 3. A Coherent I-200 argon laser at 514 nm with 7-W nominal power pumped an extensively modified Coherent CR699-29 dye laser, which was

(2)

For comparison with experimental data and benchmarking of our Maxwell–Bloch simulations in later sections,
we write Eq. (2) in terms of the component of the optical
Bloch vector20 that represents material inversion r 3 (the
normalized difference between excited and ground-state
populations) by substituting P ⫽ (r 3 ⫹ 1)/2 into Eq. (2)
to obtain
r 3 共 ⌽ 兲 ⫽ 1 ⫺ 2 exp关 ⫺共  ⌽ 兲 2 兴 .

(3)

Because we are interested in the combination of applied
chirp-pulse intensity and chirp rate to obtain a particular
media inversion, we solve Eq. (3) for ⌽ to obtain
⌽共 r3兲 ⫽

1



冑冉
ln

2
1 ⫺ r3

冊

.

(4)

This indicates that the ratio of Rabi frequency of the applied chirp to square root of the chirp rate determines media inversion. The ratio between ⍀ 0 and (B c /  c ) 1/2 predicted by Landau–Zener for a chirp to prepare a halfinverted population (P ⫽ 1/2 or r 3 ⫽ 0) is then
⌽ 共 0 兲 ⫽ 0.265.

(5)

This result is plotted in Fig. 2 as a solid line that represents the dimensionless-coupling strength required to
produce a half-inversion in the low-optical-density limit.
For an inversion other than the half-inversion of primary
interest here, the quotient of Rabi frequency and root
chirp rate will be different, thus producing a line in Fig. 2
of a different slope and representing the low-opticaldensity bound for that inversion.

Fig. 3. Schematic of the experimental apparatus. The dye laser was stabilized both in intensity and frequency. An acoustooptic modulator, AOM 1, was used to gate the laser beam. AOM
2 was used in a double-pass configuration to impress linear frequency chirps and arbitrary frequency offsets on the pulses from
AOM 1. The laser was then focused into the Eu3⫹:Y2 SiO5 crystal residing in the cryostat. The laser pulses before and after
the cryostat were recorded with fast silicon photodiodes (PD). A
photomultiplier tube (PMT), protected from overload by a Pockels cell optical gate, measured the photon echoes. In the figure,
M labels mirrors, L labels lenses, CCM indicates the concave
mirror, BS labels beam splitters, /2 labels half-wave plates, PBS
labels polarizing beam splitters, and AMP labels radio-frequency
amplifiers used to drive the acousto-optic modulators.
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Fig. 4. Effect of compensating the transfer function of AOM2.
The upper trace is the intensity of an unequalized chirp of 120MHz optical bandwidth generated by AOM2, as measured by
PD3. The intensity rolloff is due to the modulator transfer function. The lower trace is the result of predistorting the RF drive
signal amplitude to compensate for the modulator transfer function, which produces a constant-intensity chirped pulse. The residual intensity ripple that is symmetric about the center of the
chirp is an artifact caused by low digital sampling resolution in
the construction of the RF chirp waveform. This artifact is evident in the transmitted chirps in Fig. 1.

stabilized in both power and frequency. The dye laser’s
power was stabilized under closed loop control. Photodiode PD-1 monitored the power before AOM-1, and the RF
drive power applied to AOM-0 was controlled by a PID
feedback circuit slaved to the resulting photocurrent.
Using the zero-order beam from AOM-0 to pump the dye
laser minimized pump-beam distortion and maximized
use of the available pump power. Factors that contributed to residual intensity fluctuations at the sample were
vignetting of the beam at various apertures in the beam
path, etalon effects due to the uncoated crystal and windows in the cryostat, and scattered light at locations
downstream from the intensity monitor. The laser power
at the sample was typically controlled to better than 1%
rms over millisecond durations.
To eliminate frequency jitter and thus narrow the linewidth, the dye laser was locked to a high-finesse optical
cavity whose linewidth was ⬃100 kHz. Using the
Pound–Drever–Hall technique,28 the laser-frequency
fluctuations were canceled by a combination of a highspeed intracavity electro-optic modulator (Gsanger PM25) and feedback to the dye-laser internal piezo-mirror
and galvo circuits. With respect to the reference cavity,
the linewidth of the laser was estimated to be less than 1
kHz by comparing the in-lock and out-of-lock stabilizer
error signals.
Chirped optical pulses having high on/off contrast ratio
were generated first by gating the cw laser with an
acousto-optic modulator (AOM-1; Crystal Technology
model 3200-121) and then by impressing the chirp on the
resulting pulse using an identical modulator (AOM-2) in
double-pass configuration to compensate frequencydependent beam steer. The chirps applied to AOM-2
were generated by an Analogic model 2045 waveform synthesizer with 8-bit resolution and an 800 megasamples/
second (MS/s) data rate. The data points that generated
the RF chirps were amplitude compensated and predis-

Harris et al.

torted using the inverse of the transfer function of the
modulator, as measured off line, resulting in power flatness of several percent over the practical chirp bandwidth, up to 120 MHz. The powers of both the unequalized and equalized chirps as detected by photodiode PD1
just before the cryostat are shown in Fig. 4. Residual
high-frequency ripple in the chirp power is deterministic
and due to insufficient resolution in the digital-to-analog
reconstruction of the chirp waveform. It is observable in
both the optical pulses that are applied to the crystal and
those that were transmitted.
A tunable RF synthesizer (HP 8656B) and fast GaAs
RF switch generated the cw tone-burst pulses used to
probe the population inversion created by the chirped
pulse. The RF chirp and cw probe pulses were summed
with a power combiner before being amplified and applied
to AOM-2. Computer-programmed pulse generators
(SRS DG535) controlled the timing of the experiment.
For each experiment, the temporal shapes of the
chirped and cw probe pulses before the crystal were recorded. A beam splitter located before the cryostat deflected a few percent of the optical power to a 1-GHz Si
PIN photodiode (PD1). The signal from PD1 was amplified and captured on a Tektronix model DSA 602 digitizing signal analyzer at a rate of 100 MS/s. We thus ensured that the incident probe pulses had square-power
envelopes. Transmitted excitation pulses and photon
echoes were recorded by the digital signal analyzer. The
high-power transmitted excitation pulses were detected
by a second fast Si PIN photodiode (PD2). The low-power
two-pulse photon echoes were detected by a Hamamatsu
R928 photomultiplier tube, which was protected from the
high-power excitation pulses by a Pockels cell and polarizing beam splitter (PBS).
The Gaussian-profile laser beam was focused in the
sample to an average 1/e 2 waist diameter, d 0 , of 95
⫾ 10  m, as measured with a Photon, Inc., model 1180
Beam Scan. The beam diameter was constant to within
5 m over the thickness of the sample. To determine the
optical power needed to generate the cw probe pulse, we
used nutation signals in the standard way25,29 to measure
the projection of the effective dipole moment,  21 , along
D 1 for Site 1 of our crystal. We define  21 to be an average of the transition dipole moments for all nine hyperfine
transitions of 7 F 0 to 5 D 0 in both 151Eu and 153Eu in these
mixed isotope samples. Our measured value of this effective dipole moment is 1.56 ⫻ 10⫺21 esu•cm, and it is
consistent with a previously measured value.30 This
measurement cannot be made in this material system
without a laser whose coherence time is much longer than
the time that the cw nutation signal damps completely
(10–100 s, typically).
The value of the dipole moment is related to the Rabi
frequency, ⍀ 0 , and to the laser intensity, I, by

I⫽

冉 冊
p

A TH

⫽

冏 冏

cn ប⍀ 0
8   21

2

,

(6)

where n ⫽ 1.8 is the mean refractive index of YSO, A TH
⫽  d 02 /8 is the equivalent ‘‘top-hat’’ area of a Gaussian
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beam31 for a 1/e 2 waist diameter d 0 , and p ⫽ A THI is the
optical power inside the crystal. Solving for ⍀ 0 yields
⍀0 ⫽

冉 冊冉 冊
2
8   21

cnប 2

1/2

p

A TH

1/2

⬅ C Rabi冑I.

(7)

The effective average Rabi frequency coefficient C Rabi for
the sample and orientation chosen has a value of 215
⫾ 5 Hz/W1/2/m. This quantity will be used implicitly
throughout the remainder of the paper to calculate Rabi
frequencies from measured optical powers.

4. MAXWELL–BLOCH SIMULATION
The finite Landau–Zener formalism of Vitanov and Garraway introduced above is valid only for the case of a
single isolated two-level system excited by a high time–
bandwidth product linear frequency-chirped optical pulse.
Thus the analytic expressions generated by this theory
are only valid in certain restrictive asymptotic regimes
and for the case of low optical density. The behavior of
the system that we have studied experimentally can be
more properly described by numerically integrating the
coupled Maxwell–Bloch equations.10 This approach combines the optical Bloch equations (to model the coherence
and population dynamics of an inhomogeneously broadened ensemble of two-level systems) with Maxwell’s wave
equation (to model propagation effects through the optically dense media). Our implementation uses the ‘‘conventional’’ Maxwell–Bloch model (described in detail in
Section 3 of Ref. 32), which does not include complicating
effects as excitation-induced dephasing or nonuniform
transverse laser profile. The computer simulations of
our pump–probe experiments assume plane wave, nearly
monochromatic optical excitation of two-level atoms.
Their application to the excitation of Eu:YSO, containing
multiple ground- and excited-state hyperfine levels, by
optical beams with Gaussian profiles is approximate.
Despite this, we obtain excellent agreement between
simulations and experiment and also useful intuition into
the experimental results.
In order to model the pump–probe experiments, we define the complex Rabi frequency ⍀ r,i (t) at each time step
as initial conditions and solve the system of coupled
Maxwell–Bloch equations to determine the Bloch-vector
components r 1 , r 2 , and r 3 at each layer of the medium.
The simulated medium was divided into 125 layers along
the laser propagation direction z, each with absorption
length ␣ • ␦ z ⫽ 0.08, providing a total absorption length
of ␣ L ⫽ 10.0. The simulated pulses were propagated
through this medium and arrays of the values of the complex electric field ⍀ r,i (z, t), and Bloch-vector components
r 1,2,3 (z, ⌬) were saved from every layer. Thus from a
single simulation, sufficient information was captured to
model media of optical densities ranging from the density
of the first layer up to the density of all layers combined.
For example, the electric field emitted by the jth layer is
the same as that emitted by a medium with an absorption
length j • ␣ • ␦ z. The r 3 component of the Bloch vector
could be averaged from z ⫽ 0 to z ⫽ j • ␦ z to obtain the
average inversion in a medium of absorption length j
• ␣ • ␦ z.
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5. RESULTS AND DISCUSSION
The results of experiment, numerical simulation, and
analytic theory will now be compared. We will show that
Maxwell–Bloch simulations strongly support the use of
the transmitted probe pulse to gauge average media inversion and validate the interpretation that a probe pulse
having zero overall slope indicates a half-inversion, on average, through the optical density of the media and across
the nonuniform laser profile. We have seen that
Landau–Zener theory predicts the linear relationship between the optical intensity and chirp rate that creates a
constant inversion in the zero optical-density limit.
Maxwell–Bloch simulations also support this observation
and agree well with our data for the conditions that produce half-inversion. The numerical accuracy of the
Maxwell–Bloch simulator is found to be in good agreement with predictions of Landau–Zener in the low
optical-density limit, as expected. Finally, we use the
Maxwell–Bloch modeling to extend the results of
Landau–Zener for arbitrary inversion to the case of optically dense media.
A. Probe-Pulse Diagnostic of Inversion
We found experimentally that, when the optical power of
the applied chirp was varied, the shape of the subsequent
probe pulse changed as well, as shown in Fig. 1. For a
chirp pulse of high optical power, the transmitted probe
pulse had an initially high power that decayed in time.
Conversely, for a chirp pulse of low optical power, the
probe-pulse power increased in time. The transmitted
power of the probe pulse could be made essentially constant by choosing a particular value of the chirp-pulse optical power, as shown in the middle trace of Fig. 1. We
hypothesized that such a probe pulse indicated a halfinversion on average through the media and that the incident probe pulse caused no net stimulated absorption or
emission.
To test this hypothesis, we simulated the pulse sequence in Fig. 1 using the same chirp rate and the same
cw probe-pulse intensity and duration as in the experiment; an example of such simulation results is shown in
Fig. 5. The dotted trace in Fig. 5(a) is the relative intensity incident at z ⫽ 0, and the solid trace is the simulated
optical intensity transmitted through the first 15 layers,
corresponding to our experimental absorption length of
1.2. The first pulse is a chirp, and the second is a brief
probe pulse; the inset trace shows that its overall slope is
nearly zero. Note that the simulation also predicts the
two-pulse photon echo. In computing the time-domain
response of the media to the applied pulse sequence, the
simulator also calculates the inversion as a function of
frequency created by the pulse sequence. Figure 5(b)
shows the inversion as a function of detuning r 3 (⌬) immediately prior to the probe pulse and averaged over the
absorption length of our crystal, ␣ L ⫽ 1.2.
This
‘‘density-averaged’’ inversion is slightly less than 0 at the
center frequency of the chirp (⌬ ⫽ 0), indicating just less
than half-inversion 具 r 3 典 ⫽ 0 at the probe-pulse frequency.
It should be noted that the combination of the slightly
positive slope of the probe pulse and the slightly less than
half-inversion is consistent with our hypothesis.
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To further test our hypothesis, the simulator was run
multiple times using a fine grid of chirp-pulse Rabi frequencies and chirp rates spanning the experimental conditions so that the combinations that create halfinversion could be determined by interpolation.
Representative results of transmitted probe pulses are
shown in Fig. 6(a) from simulations using the same chirp
rate but different chirp Rabi frequencies as in Fig. 1.
The density-averaged inversions 具 r 3 典 created by the chirp
pulses are shown in Fig. 6(b). The complete set of simulations shown span the region where half-inversion occurs. When the chirp Rabi frequency is too high, the
probe pulse (H) has a negative overall slope as in the experiments, and for this case, we note that 具 r 3 典 ⬎ 0. Conversely, when the chirp Rabi frequency is too low, the
probe pulse (L) has a positive slope and 具 r 3 典 ⬍ 0.
We fit the envelopes of the probe pulses with straight
lines, as in the dotted lines in Fig. 6(a), to estimate the
overall slope of the probe pulse. The density-averaged
inversions in Fig. 6(b) were further averaged over a
1-MHz bandwidth centered at ⌬ ⫽ 0 to estimate the inversion over the full bandwidth of the probe pulse. The
slopes of many such fitted lines and the corresponding average inversions are plotted in Fig. 6(c) and labeled with
the dimensionless coupling strength of the corresponding

Fig. 6. Graphical representation of the analysis associating the
probe-pulse shape with media inversion. Subplot (a) shows several simulated probe pulses for experimental conditions of Fig. 1.
Each pulse has been fit with a straight line between its rising
and falling edges. Subplot (b) shows the inversion, averaged
over optical density, through which each probe pulse was transmitted. Vertical lines at ⌬ ⫽ ⫾0.5 MHz indicate the detuning
range over which the inversion was averaged. The slopes of the
lines fit to the probe pulses are plotted versus the corresponding
average inversion in subplot (c); the dimensionless coupling
strength, ⌽, used to generate each inversion labels the points.
The curve fit to these data shows that the probe slope is zero at
具 r 3 典 ⫽ 0.

Fig. 5. Maxwell–Bloch simulation of a pump–probe experiments with ␣ L ⫽ 1.20, analogous to those in Fig. 1. The dotted
trace in the upper panel is the incident intensity, and the solid
trace is the intensity after transmission. The bottom panel
shows the average inversion, 具 r 3 典 , as a function of detuning following the chirp. The transmitted chirp exhibited nutation and
created slightly less than a half-inversion, as indicated by both
the transmitted probe-pulse slope and 具 r 3 典 .

chirp. Note that the curve fit to this data set indicates
that zero probe-pulse slope occurs at 具 r 3 典 ⫽ 0, which establishes that a flat probe-pulse shape indicates halfinversion of the media.
In order to interpolate the dimensionless-coupling
strengths required for a half-inversion from the set of discrete values used in simulation, we fitted both the probe
slope and the average inversion as functions of
dimensionless-coupling strength with ad hoc polynomials
and found their roots. We performed identical analyses
on all the simulations, which span absorption lengths
from ␣ L ⫽ 0 to 10 and several chirp rates. The
dimensionless-coupling strength at which half-inversion
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was achieved and at which the probe-pulse slope was zero
differed by only 0.7% rms over the entire set of simulations. This establishes that a probe-pulse slope of zero is
an indication that a half-inversion has been achieved
within the approximations of our simulator. Finally, for
all chirp rates simulated, the aggregate dimensionless
coupling strength for half-inversion in ␣ L ⫽ 1.2 was
MB
⌽ 1/2
⫽ 0.322.
B. Media Inversion by Chirps
We have now established our association of the flat probe
pulse with a half-inversion on average through the media.
In Fig. 2, we showed experimentally that the combination
of chirp Rabi frequency and square-root chirp rate required to create a half-inversion as determined by the
probe-pulse technique fell on a straight line. For a given
chirp rate, we calculated the dimensionless coupling
strength from Eq. (1) by measuring the applied optical
power of the chirp, using the Rabi-frequency coefficient,
C Rabi , from Eq. (7). We thus obtain the experimental
dimensionless-coupling strength for half-inversion in our
crystal ( ␣ L ⫽ 1.2 ⫾ 0.1):
EX
⌽ 1/2
⫽

⍀c
共 B c /  c 兲 1/2

⫽ 0.32 ⫾ 0.01,

(8)

MB
⫽ 0.322, and
in good agreement with our simulation, ⌽ 1/2
LZ
larger than the Landau–Zener result [Eq. (5)], ⌽ 1/2
⫽ 0.265, which sets the low optical-density limit. The
dotted line is a linear fit to the Rabi frequency versus root
chirp rate required for half-inversion (solid triangles) obtained from the analyses of the Maxwell–Bloch simulations for the various chirp rates simulated. The

Fig. 7.
Calculated media inversion as a function of
dimensionless-coupling strength, ⌽, for a wide range of absorption lengths. The uppermost curve is the Landau–Zener prediction, valid for ␣ L ⫽ 0. The predictions of the Maxwell–Bloch
simulations are shown as a family of curves. Each represents
the inversion, r 3 , averaged over ␣ L and over a bandwidth, ⌬
⫽ ⫾0.5 MHz, about the center of the chirp. The uppermost of
these is from the first slice of media, representing ␣ L ⫽ 0.08.
The remaining simulation curves are for ␣ L ranging from 0.40 to
10.0 in increments of 0.40. The curve for ␣ L ⫽ 1.2 predicts the
average inversion for the same optical density as the experimentally studied sample. The intersection of each curve with the
dotted horizontal line at 具 r 3 典 ⫽ 0 indicates the dimensionlesscoupling strength required to create a half-inversion.

Fig. 8. Dimensionless-coupling strength s required to create a
half-inversion are plotted as a function of absorption length.
The solid line is a polynomial fit to these results. The solid diamond represents the dimensionless-coupling strength experimentally found to create a half-inversion in ␣ L ⫽ 1.2, which was
calculated from the slope of the line in Fig. 4 as described in the
text.

Landau–Zener bound over the full range of chirp rates is
illustrated with a solid line. The slopes of the lines on
this plot are thus the dimensionless coupling strength for
half-inversion.
We now investigate the question of what Maxwell–
Bloch predicts for absorption lengths other than ␣ L
⫽ 1.20. Figure 7 plots a fit to the average inversion versus dimensionless coupling strength for the simulation
data points shown in Fig. 6(c). That curve is labeled as
␣ L ⫽ 1.20. In addition, a family of such curves are
shown for ␣ L ⫽ 0.08 and from ␣ L ⫽ 0.40 to 10.0 in increments of 0.40. These represent the dimensionlesscoupling strength required to generate arbitrary inversions in media of optical density for the values simulated.
Equation (3) is plotted at the far left of Fig. 7 and shows
that the Maxwell–Bloch simulations agree well with
Landau–Zener theory in the low optical-density limit, as
expected.
Figure 8 shows a correction to the Landau-Zener prediction for half-inversion in media of nonzero optical density. The roots of the curves in Fig. 7 are the dimensionless coupling strengths to achieve half-inversion. These
roots are plotted in Fig. 8 versus the subset of simulated
optical
densities
in
which
half-inversion
was
achieved. The solid curve is an ad hoc polynomial fit
which approaches the Landau-Zener prediction at ␣ L
⫽ 0 as expected. These analyses could be extended to
predict the dimensionless coupling strength required to
create any other desired media inversion.
C. Limits of Validity
We explored the range of validity of the transmitted
probe-pulse technique. For the experimental parameters
chosen for this study, the probe pulse only substantially
interrogates a narrow frequency interval, ⬃200 kHz, at
the center of a spectrally broad, 15-MHz, excited ensemble of ions. We used AOMs 1 and 2 to successively
shorten the duration of a chirp of fixed chirp rate, thus
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proportionally narrowing its bandwidth. We found that
when the bandwidth of the chirp became comparable to
that of the probe, the probe pulse developed oscillations
that made it impossible to define an overall slope and
therefore made the probe useless as an indicator of media
inversion. Under these conditions, the chirp had a quite
small time–bandwidth product and therefore acted more
like a transform-limited pulse.
Finally, because the pump–probe technique is dependent on the relative ground- and excited-state populations, the pulse sequence must be completed within a
time scale that is small compared with the material population relaxation. This is easily satisfied in this case because T 1 ⬃ 2 ms for Eu3⫹ ions in Site 1, and each experiment was completed within 100 s. The experiments
were also completed well within the coherence lifetime of
the material. The pump–probe experiments are expected to be insensitive to coherence loss that is not due to
population decay because they only rely on individual
ions absorbing or emitting coherently with the driving
field, not on ensembles of ions being coherent with one another. This hypothesis was supported by Maxwell–Bloch
simulations in which the Bloch-vector components r 1 and
r 2 accounting for atomic coherence were set to zero, thus
modeling coherence loss, just prior to the application of
the probe pulse. No difference in probe-pulse reshaping
was observed between simulations including such coherence loss and those with a realistic coherence lifetime.

6. SUMMARY
This work has explored both experimentally and theoretically the excitation of inhomogeneously broadened, optically dense media by linear frequency-chirped optical
pulses. A novel pump–probe technique was developed
that sensitively identified average media half-inversion
from the shape of a transmitted probe pulse. Maxwell–
Bloch numerical modeling supports this association of the
probe-pulse shape with media inversion, including the
important case of half-inversion. A constant ratio of
chirp intensity to chirp rate was observed experimentally
to create a half-inversion on average through a medium of
given optical density. Landau–Zener theory was shown
to not only support this observation, but to imply that
such a ratio is compactly contained in terms of a dimensionless coupling strength, and also to set a low opticaldensity bound on that ratio. Extensive Maxwell–Bloch
modeling was used to both extend predictive capability
into the optically dense regime and also to show agreement with Landau–Zener theory in the zero opticaldensity limit. Our work lays a foundation for utilizing
chirped optical excitation in a precise and repeatable
manner that is crucial for applications such as classical
information storage and processing as well as quantum
computation in rare-earth ion-doped solid-state
materials.
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