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Abstract

Temporally overlapped linear frequency chirps (TOLFCs), a novel method for programming a spatial-spectral

grating, are used to demonstrate grating bandwidths in excess of 2GHz. The proper operating conditions for this

method are discussed along with grating efficiency measurements. A Maxwell–Bloch simulator, which incorporates

arbitrary phase functions, is used to simulate this programming method and to investigate the grating dynamics of

accumulated programming using TOLFCs. r 2002 Elsevier Science B.V. All rights reserved.

PACS: 42.50.md; 42.50.Gy; 42.50.Ct
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1. Introduction

Stimulated photon echoes (SPE) or spatial-
spectral holography (SSH) can be utilized for
several high bandwidth (>1GHz) applications,
such as true time delay (TTD) steering of phased
array radar and communication systems. SSH has
been effectively demonstrated for many of these
applications at both low and high bandwidths
[1–4]. In most previous demonstrations, expensive
laser systems were required. In order to make SSH
a more practical and affordable technique, less
expensive, more compact, and higher efficiency
systems should be employed. To achieve this goal,
new methods for programming high bandwidth
gratings with low power diode lasers have been
explored.

Low cost, high bandwidth chirped external
cavity diode lasers (CECDLs) have recently been
built and characterized [5,6]. These lasers have the
ability to create linear frequency chirps (LFCs) up
to 40GHz depending upon the cavity configura-
tion. As low cost alternatives to specialized laser
systems, these lasers will have a direct impact upon
the future practicality of SSH. In this paper, we
discuss and examine a programming technique
that, in conjunction with a CECDL, will make
SSH more practical for TTD, arbitrary waveform
generation, and correlative systems [7]. This
technique uses two temporally overlapped LFCs
to program high bandwidth gratings. Simulations,
using a Maxwell–Bloch simulator, which incorpo-
rates arbitrary phase functions, are utilized to
examine in detail the gratings created. These
simulations are used to explore issues relevant to
high bandwidth LFC programming such as power
scaling versus bandwidth and accumulation. We
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also experimentally demonstrate the production of
high bandwidth spatial-spectral gratings using a
CECDL for TTD applications.
The paper is divided into three main sections.

First, a discussion and overview of programming
with TOLFCs is given. Second, the results of both
low and high bandwidth experiments are presented
which use TOLFCs. Finally, the Maxwell–Bloch
simulator is discussed and numerical results
compared to experiment.

2. Theory and discussion

2.1. Temporally overlapped linear frequency

chirped programming

In order to create a TTD using spatial spectral
holography, a spectral grating must be stored or
programmed into the SSH medium. This was
typically done using two brief pulses separated by
a time delay, t21: The two pulses interfere to
produce a spectral grating of period 1=t21 within
the inhomogeneously broadened absorber (IBA).
This spectral grating can be probed some time, tp;
later using a third pulse (here tpbT2). The third
pulse is diffracted by the spectral grating and
creates a time-delayed replica of itself known as a
stimulated photon echo. The probe pulse need not
be of the same temporal shape as the first two
pulses, which created the grating. In fact, it is
highly desired that the probe pulse carry high
bandwidth signals, which must be time delayed for
some application such as the steering of phased
array radar. In order for these high bandwidth
signals to be diffracted and produce an SPE, the
grating itself must be of greater bandwidth than
the signal. In the case of programming a grating
with brief pulses, this requires that the brief pulses’
temporal duration be extremely short to cover a
large bandwidth. For the case of Tm3+:YAG, the
inhomogeneous broadening is on the order of
20GHz. To utilize the entire bandwidth of the
material requires brief pulses on the order of tens of
picoseconds. However, using brief pulses to pro-
gram large bandwidths requires large peak powers
which can lead to crystal damage or the need to
accumulate many lower power brief pulses [8].

LFC programming of optical coherent transient
(OCT) TTD has two significant advantages over
brief pulse programming. The first is the reduction
in the required laser power compared to brief
pulses [9]. As stated above, brief pulse program-
ming requires an inverse relationship for program-
ming bandwidth and temporal duration of the
pulse. Essentially, to program a large bandwidth,
the brief pulse must be very short in time.
However, LFCs can have relatively long temporal
duration and still program large bandwidths. This
allows more optical energy to be transferred to the
medium compared to brief pulse programming.
Thus efficient, high bandwidth gratings can be
programmed with relatively low power diode laser
systems. Even greater power efficiency is achieved
through accumulation with repetitive program-
ming. Accumulation, the technique of repeating
programming pulses on a time scale greater than
the coherence time, T2; but less than the upper
state lifetime, T1; has been shown to be an effective
way of building high bandwidth TTD gratings
[8,10–11]. Thus, diode laser systems with a few tens
of milliwatts of power can maintain an efficient
OCT TTD grating.
The second advantage of chirped pulse pro-

gramming is the ability to achieve variable time
delay via frequency shifting [9]. Fig. 1(a) shows
how two non-overlapped LFCs, each with the
same chirp rate, g; can be used to create a spectral
grating. These LFCs, each of temporal length tc
and bandwidth B ¼ gtc; are separated by some
time delay, denoted by t21: If the LFCs each start
with the same frequency, the time delay is given
simply by the temporal separation between the two
LFCs, t21: However, if the start frequency of the
two LFCs is different the time delay is given by

tD ¼ t21 þ
d
g
; ð1Þ

where d represents the frequency difference be-
tween the start frequency of the first pulse minus
the start frequency of the second pulse. Thus, the
delay can be controlled by either the timing or the
frequency offset of the two LFCs, or both. There
are drawbacks to this approach for high band-
width TTD [12]. First, efficient operation requires
the duration of the LFCs, tc; to be less than the
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coherence time, T2; putting high demands on chirp
driver circuitry. Second, broadband flat frequency
response requires d5B and thus the fractional
dynamic range of delay times (tDmax=tDmin) is
much o1. Finally, while the LFCs could be
produced sequentially by a single laser, this
requires stringent constraints on the allowable
phase deviation between the produced LFCs.
Recently, we improved upon this technique by

removing the time delay from the two time
separated LFCs allowing a single chirp to be the
source of the offset LFCs [7]. The temporally
overlapped LFCs (TOLFC) are shown in
Fig. 1(b). In this approach, it is the frequency
offset that directly controls the time delay of the
output echo signal. The TOLFC technique adds
significant benefits to the simplification of OCT
TTD devices. Broadband TTD control is reduced
simply to frequency shifts that are made with
narrow band devices, such as acousto-optic
modulators (AOMs). The fractional dynamic

range of delay times is much >1, and thus time
delays can range from close to 0 to approximately
T2: Also, the chirp duration, tc can greatly exceed
T2; enabling efficient gratings with less optical
power. In addition, long chirp duration shortens
the d required for a given tD; allowing smaller
frequency offsets to tune high bandwidth TTDs
over a wide range of delays.
Practical implementation of the TOLFC tech-

nique to produce high bandwidth TTD gratings
requires several issues to be addressed. First, what
are the proper operating conditions of the TOLFC
method for a given chirp B and tc: Second, for a
single programming sequence, what is the upper
bandwidth we can reach given a diode lasers power
and the SSH materials upper state lifetime. And
finally, can this bandwidth limit be pushed further
by accumulation of the programming sequence.
To help answer these questions, a combination of
theory, simulations and experiment have been
performed.
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Fig. 1. This figure shows two methods that vary the programmed true time delay via frequency offsetting chirps. (a) Two LFCs

separated by a delay t21: (b) Two temporally overlapped LFCs. Solid lines represent field amplitude and dashed lines represent

instantaneous frequencies of LFCs and probe.
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2.2. Grating efficiency versus programming

bandwidth and chirp duration

LFCs are a more efficient solution for program-
ming compared to using brief pulses. However,
achieving maximum efficiency requires optimizing
the chirp parameters. The efficiency of a grating, Z;
is defined as the ratio of the peak echo intensity, Ie;
to the peak intensity of the probe, Ip: That is

Z ¼
Ie

Ip
: ð2Þ

In the linear regime (without accumulation), the
echo signal in the frequency domain, EeðoÞ can be
found from the relation [2]

EeðoÞpE�
1ðoÞE2ðoÞEpðoÞ: ð3Þ

Here, E1ðoÞ and E2ðoÞ are the Fourier trans-
forms of the first and second pulses of the
programming sequence, respectively, and EpðoÞ is
the Fourier transformed probe pulse. If the
frequency chirps have a field amplitude in the
time domain of Ec and E�

1 ðoÞE2ðoÞ is assumed flat
over B and zero outside of B; that is jE1ðoÞj ¼
jE2ðoÞj ¼ E0 on the interval 2pB of the LFC, then
it can be shown that the following relation holds:

E0 ¼ Ec

ffiffiffiffi
tc
B

r
: ð4Þ

Using this equation, and assuming that the
intensity in a pulse is proportional to the square of
the field, we find the intensity of the echo to be

IepE4
c

tc
B

� �2
Ip: ð5Þ

And using Eq. (2) we find for the efficiency

ZpE4
c

tc
B

� �2
: ð6Þ

If the grating was programmed by a series of
brief programming pulses, the echo efficiency
would fall as approximately 1=B4: But the echo
efficiency with chirped pulse programming is
proportional to 1=B2; and thus chirps offer an
advantage over brief pulses. LFC programming
has the added benefit of having the echo intensity
proportional to t2c : Thus, the longer the chirp
duration, the stronger the echo will be. So if the
bandwidth is increased, the drop in efficiency can

be compensated for by increasing the chirp time to
keep the chirp rate constant. These traits make
TOLFC programming an attractive, practical
solution for high bandwidth programming.

3. Experiments

To address the issues stated at the end of Section
2, several different experiments were developed.
Specifically, we wanted to use the TOLFC
programming method with a high bandwidth
CECDL to show production of high bandwidth
TTD gratings. Along with this, we wanted to
explore the operating limits of the TOLFC
programming method to ensure typical operation
would not introduce programming errors. Finally,
since accumulation will likely be used to push
future bandwidths beyond a few gigahertz, we
wanted to show that the TOLFC technique could
accumulate efficient TTD gratings.
For a low bandwidth demonstration of the

TOLFC technique, two AOMs in series were used
in conjunction with an injection-locked diode laser
system described elsewhere [13]. The injection
locking system is capable of producing output
powers after optical isolation ofB70mW for these
experiments. The first AOM was used to create a
40MHz chirp and the second AOM created two
LFCs offset by a frequency d and the probe pulse.
The voltage applied to the AOM was

V ¼ A½cos ð2pðfm � d=2ÞtÞ þ cos ð2pðfm þ d=2ÞtÞ	:

ð7Þ

Here fm is the center frequency of the AOM and
A is the amplitude. The light was focused tightly
into this AOM keeping the angle between the two
frequencies close to the diffraction limit to ensure
good spatial overlap of the two frequency offset
pulses. For the probe pulse d ¼ 0; and thus the
probe pulse’s frequency remains centered between
the offset LFCs. The programming and probe
pulses and the echo were collinear in this experi-
ment but other geometries that allow spatial
isolation of the echo can be implemented. The
repetition rate of the sequences was 10Hz, which
gives a time between sequences that is much
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greater than the storage time of the Tm3+:YAG
crystal used in these experiments.
In all the experiments described here, the optical

power before the crystal is approximately 30mW.
The pulse sequences are focused into a
Tm3+:YAG crystal cooled to 4K with an absorp-
tion length, aL; of 1.4. The diameter at the beam
waist was B35 mm. The output from the crystal
was incident on a silicon photodiode with a
bandwidth of 1GHz and recorded on a digitizing
oscilloscope with bandwidth of 300MHz. T2 of the
Tm3+:YAG crystal was measured by analyzing
the decay of SPEs diffracted from gratings created
by LFCs with B ¼ 20MHz for various time
delays. This method gave T2 ¼ 15 ms.

3.1. Operating conditions for TOLFC

programming

In an ideal condition, for perfect TTD grating
programming using LFCs, the spectral amplitude
of the chirp would be flat over the bandwidth of
the chirp. However, in reality an LFC’s power
spectrum includes oscillations. These oscillations
in the spectral domain depend on the time

bandwidth product (TBP), Btc; of the chirp. If
there is no frequency offset between a set of
identical LFC programming pulses (such as in
Fig. 1(a) with d ¼ 0), each atom will see the same
power and this leads to a fairly uniform spectral
grating, provided the chirps have TBPs>40.
Almost no differences between TTD grating
programming with brief pulses or LFCs with
TBP>40 can be detected assuming that the LFCs
are identical and have no frequency offset [9].
However, in the case of TOLFC programming, the
delay is entirely set by the offset frequency, d: This
can lead to the possibility that the oscillatory
fluctuations of the chirp’s power spectrum can
play a role in grating shape. As the time delay is
varied by shifting the frequency offset between the
chirps, the overall grating shape can be affected by
these fluctuations, leading to undesired intensity
fluctuations of the echo signals. Because of the
complexity of this problem, an analytic description
of this process is nearly impossible. Experimen-
tally, we have observed that for TBPso120 the
echo intensity can be affected by these power
spectrum oscillations. Fig. 2 shows echo peak
intensities versus delay time for (a) TBP=40,
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Fig. 2. Experimental echo intensities plotted versus delay time for (a) TBP=40, (b) TBP=120, and (c) TBP=200. For Btcs o120, a

periodic intensity fluctuation is observed.
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(b) TBP=120, and (c) TBP=200. For each plot
shown B ¼ 40MHz. As can be seen from the
figure, a strong periodic intensity fluctuation on
the echo is seen for TBP=40. As the TBP is
increased this periodic event diminishes, as in (b)
where TBP=120, and then almost completely
disappears, as in (c) where TBP=200. Similar
trends have also been observed with simulations.
Thus, for practical operation, the TBP should be
kept as high as possible in order to avoid such echo
fluctuations. For desired high bandwidth opera-
tion, TBPs will be on the order of 103 and thus
meet the criteria to avoid these echo fluctuations.

3.2. High bandwidth gratings

For the high bandwidth experiments, a home-
made CECDL was used to create the frequency
chirps [6]. The output chirps from the CECDL
were amplified using the injection locking system.
Output powers from the injection locking system
for the high bandwidth experiments were again
B70mW. By using the homemade CECDL and
the TOLFC programming method, we were able

to create efficient TTD gratings with bandwidths
from 100MHz to beyond 2GHz. These gratings
have been probed in two different ways. First, we
probed the absorption spectrum of the gratings
using a tp ¼ 100 ms LFC with a probe bandwidth,
BpD2:4GHz. Fig. 3(a) shows the transmitted
probe pulse as a function of the instantaneous
frequency of the probe. The programming LFC
had bandwidth BD2:0GHz, and tc ¼ 30 ms giving
gD68MHz2 and d ¼ 15MHz. Fig. 3(b) shows an
enlarged portion of (a). Here the periodicity in
frequency corresponds to B4.5MHz. When this
plot is Fourier transformed, a frequency compo-
nent is found at 0.22 ms, which matches the
expected TTD of tD ¼ d=g ¼ 0:22 ms.
The second method of probing these gratings is

using a low bandwidth (B20MHz) Fourier trans-
form limited pulse and observing the echo pulse as
the carrier frequency of this probe pulse was
changed over the bandwidth of the programming
chirps. This measurement ensured that the entire
bandwidth was being programmed. We also used
this method to verify Eq. (6). Fig. 4 shows peak
intensity of the echo pulse as a function of the
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Fig. 3. (a) This figure shows the transmission of a low intensity 2.4GHz LFC probing a 2.0GHz TTD grating programmed with the

TOLFC method. The large oscillation on the transmission is a frequency oscillation corresponding to a grating period 1=tD where

tD ¼ 0:22 ms. (b) Shows these oscillations in greater detail.
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LFC’s bandwidth for tc ¼ 4 ms and d ¼ 20MHz.
The delay times are shorter than 0.6 ms and thus T2

effects can be ignored. The solid line is a fit using a
functional dependence of 1=B2: As can be seen, the
echo intensity decreases as predicted with 1=B2

dependence.

3.3. Accumulation

As discussed in the Introduction, accumulation
is a way to strengthen a spectral grating using
weak programming pulses. To demonstrate accu-
mulation, a laser with frequency stability o1=tD
over the material lifetime (B10ms) is needed. A
Ti:Sapphire laser was used in conjunction with the
two AOMs as described above. The Ti:Sapphire
laser is locked to a regenerative spectral hole as
described in Ref. [10] and has frequency stability
of roughly 10 kHz. This stability allows the
dynamics of accumulative programming to be
studied.
The programming pulses are characterized by

an individual LFC’s Rabi frequency, which were
O ¼ 0:5; 0.6, 0.9, 1.3, 1.7, and 2.2MRad/s for this
experiment chosen to show the dynamics of the

accumulated gratings. These Rabi frequencies
were determined from nutation experiments with
non-chirped pulses [14]. Because our crystals were
optically thick, the theory predicted an increase in
the Os by approximately 20% compared to the
optically thin case. We repeated programming
TOLFCs with a repetition time, tr; of 31 ms, for N

times, where N ¼ 1–900. After the N program-
ming sequences, the grating was probed using a
50 ns brief pulse. Fig. 5 details the echo intensity as
a function of N for the set of programming pulses.
For this figure, tc ¼ 1 ms, B ¼ 40MHz and
d ¼ 10MHz giving an expected delay time for
the echo of tD ¼ 250 ns. Because of the population
dynamics, the larger programming strengths,
O >1.3MRad/s, are too strong and saturate the
medium leading to inefficient gratings. The weaker
programming strengths, Oo0:6MRad/s, are not
strong enough and do not accumulate an efficient
grating. Between these two regimes the best
accumulation can be found such as the
O ¼ 0:9MRad/s programming strength. These
experimental results are discussed more thor-
oughly in Ref. [7], and are shown here for
comparison with simulation.
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Fig. 4. This figure examines the experimental echo peak heights as a function of grating bandwidth created with the CECDL laser

system. Here the programming power and tc are kept constant, tc ¼ 4ms and the offset frequency is kept at d ¼ 20MHz. The solid line

is a fit using a functional dependence of 1=B2 according to Eq. (6).
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4. Simulation and analysis

In order to study the echoes shown in the
previous experiments, a simulator needed to be
developed that could handle chirped pulses.
Traditional Bloch simulators have been used to
simulate chirped pulses, but because the Beer’s
length of our crystal was fairly large, aL ¼ 1:4;
propagation effects had to be included. Maxwell–
Bloch simulators have previously been
developed and used to study propagation effects
on echoes, which showed that propagation
effects have a strong impact on echo shape and
intensity and can be utilized to improve signal
fidelity and efficiency [15,16]. However, these
simulators do not allow arbitrary phase and
frequency shifts. Thus, a new simulator needed
to be developed that could handle these situations
in order to properly simulate LFCs. To include
arbitrary phase or frequency, we write the

electric field as

Eðz; tÞ ¼
_

m12
Oðz; tÞcos ðoot � kzz þ fðz; tÞÞ; ð8Þ

where we have assumed that the light only
propagates in the positive z direction. Here,
Oðz; tÞ is a slowly varying amplitude function
dependent upon propagation direction, z; and
time, t; m12 is the dipole moment, oo is the optical
frequency, kz is the k-vector along z; and fðz; tÞ is
an arbitrary phase function which is dependent
upon z and t: In this form, the Bloch vector, ~rr;
equation of motion in the rotating frame becomes

’r1 ¼ �Dr2 � Or3 sin f;

’r2 ¼ Dr1 þ Or3 cos f;

’r3 ¼ Or1 sin f� Or2 cos f: ð9Þ

Here, D ¼ oa � oo is the detuning with oa as
the frequency of an individual atom within the
inhomogeneously broadened transition. Now by

Fig. 5. This series of plots shows echo intensities vs. programming number (lower axis) or time (upper axis) measured with a frequency

stabilized Ti:Sapphire laser system. The different plots are various programming strengths (Rabi frequency, O) as shown in the legend.
Here tc ¼ 1 ms, tD ¼ 250ns, and tr ¼ 31ms.
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taking the Maxwell equations into account and
making a transform of variables into a frame
moving at the speed of the laser pulse [17], we find
two separate equations for Oðz; tÞ and fðz; tÞ that
we can integrate to find the propagation effects
along the z direction

qO
qz

¼
a
2p

Z
ðr2 cos f� r1 sin fÞgðDÞ dD; ð10Þ

qf
qz

¼ �
1

O
a
2p

Z
ðr1 cos fþ r2 sin fÞgðDÞ dD: ð11Þ

As we wanted to numerically integrate these
equations, the above equation for f has the
difficulty of being inversely proportional to O:
This can introduce numerical complexities when
O ¼ 0; which can be easily avoided by keeping
track of the in-phase and in-quadrature parts of
the field. By defining

Ocðz; tÞ ¼ Oðz; tÞ cos f;

Osðz; tÞ ¼ Oðz; tÞ sinf; ð12Þ

we can simplify the Bloch equations to

’r1 ¼ �Dr2 � Osr3;

’r2 ¼ Dr1 þ Ocr3;

’r3 ¼ Osr1 � Ocr2

and the propagation equations then become

qOc

qz
¼

a
2p

Z
r2gðDÞ dD; ð13Þ

qOs

qz
¼ �

a
2p

Z
r1gðDÞ dD: ð14Þ

These equations are numerically integrated to
give the Bloch vector ~rrðz; t;DÞ for all z; time and
detunings. We also get Ocðz; tÞ and Osðz; tÞ for all z

and time. We can find the square of the field, O2;
which is proportional to the observed intensity, by
using

Oðz; tÞ2 ¼ Ocðz; tÞ
2 þ Osðz; tÞ

2: ð15Þ

Now we can introduce the phase function
fðz; tÞ ¼ pgt2 to simulate a linear frequency chirp.
Simulations were performed using these equations
and the results were used to verify the experi-
mental situations described above.

4.1. Single programming sequence simulations

We simulated the efficiency of the grating as a
function of bandwidth for two different situations.
The first situation, keeps tc constant while varying
B: A series of 100 simulations were done with
programming Bs from 20 to 60MHz in steps of
0.4MHz. The probe pulse had a bandwidth of
10MHz. Here, ds varied to keep the time delay
constant at 0.8 ms. In Fig. 6, the circles are the
simulated echo efficiencies versus the program-
ming bandwidth. As can be seen, the echo intensity
decreases as a function of the bandwidth as
expected. The 1=B2 analytic solution is also plotted
as the solid line. The dashed line is representative
of the brief pulse programming method dropping
off as 1=B4: The second situation is when the
ratio tc=B is kept constant. In this case, there
should be roughly no change in echo efficiency. As
can be seen from the triangles in Fig. 6, the
simulated echo efficiencies for this situation
remain relatively constant. This set of simulations
was done with Bs from 20 to 60MHz in steps
of 0.4MHz, tcs ran from 2 to 6 ms in steps of
0.04 ms, and d=8MHz giving a constant
tD ¼ 0:8 ms. The small fluctuations can be attrib-
uted to the fact that the simulations were run at
low TBPs (TBP=40–360).

4.2. Accumulation simulations

Simulation of accumulation sequences requires
that the population dynamics between shots be
taken into account. Since Tm3+:YAG is a three
level system, the accumulation simulations must
include the decay rates from each of these levels.
Since there are no pulses between programming
shots and the time between programming is longer
than T2; we can follow a simple analytic solution
between programming shots [8]. In this system, the
793nm transition is between the 3H6 and

3H4 levels.
The atoms on the 3H4 level decay either to the 3H6

or the 3F4 with a branching ratio, b; of 0.56 and a
decay time, T1; of 800ms. The atoms on the 3F4

level also decay to the 3H6 level with a lifetime, T3;
of 10ms. By incorporating the population dynamics
of all three levels we can successfully simulate the
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Fig. 6. Here we plot data points showing simulated peak echo height versus bandwidth for constant programming powers. Here

tc ¼ 4 ms and d is varied to keep tD constant. The solid line is calculated using the analytic functional dependence of 1=B2: The dashed
line is a plot of the analytic dependence of a brief pulse programming versus bandwidth and is normalized for contrast. A simulated

chirped programming sequence with constant tc=B ratio is also shown as triangles, giving relatively constant echo efficiencies. In this

simulation the programming Rabi frequency was stronger to give contrast in the figure.

Fig. 7. Simulated accumulation sequences with tc ¼ 1 ms, tD ¼ 250ns, and tr ¼ 31 ms. The echo intensities are plotted versus

programming number (lower axis) or time (upper axis). The different lines represent different programming strengths (Rabi frequency,

O) with (a) showing programming Rabi frequencies from O ¼ 0:3 to 1.2MRad/s in steps of 0.1MRad/s, and (b) showing programming

Rabi frequencies from O ¼ 1:3 to 1.8MRad/s in steps of 0.1MRad/s, then to 2.8MRad/s in steps of 0.2MRad/s.
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accumulation dynamics for the TOLFCs and
compare the results to the experiment.
For the accumulation simulations we set

B ¼ 40MHz, tc ¼ 1 ms, tD ¼ 250 ns, and tr ¼
31 ms. These values are identical to the accumu-
lation experiments done with the frequency
stabilized Ti:Sapphire laser. A series of pro-
gramming Rabi frequencies was also chosen to
simulate the dynamics. In Fig. 7, the results from
the accumulation simulations are shown for
(a) programming Rabi frequencies from O ¼ 0:3
to 1.2MRad/s in steps of 0.1MRad/s, and
(b) programming Rabi frequencies from O ¼ 1:3
to 1.8MRad/s in steps of 0.1MRad/s, then from
1.8 to 2.8MRad/s in steps of 0.2MRad/s. The
overall dynamics of the accumulation match that
from the experiment. As discussed in the experi-
mental section, the larger programming strengths,
O > 1:3MRad/s, are too strong and saturate the
medium leading to inefficient gratings. The weaker
programming strengths, Oo0:9MRad/s, are not
strong enough and cannot accumulate an efficient
grating before the population decay sets in. For
the simulations, the best accumulation can be
found with O between 0.9 and 1.3MRad/s. With
the good agreement between simulation and
experiment, we can be confident that the TOLFC
accumulation method can be used in future high
bandwidth studies of SSH.

5. Conclusion

We have outlined in this paper the use of the
TOLFC programming method for high bandwidth
programming of TTD gratings. The experimental
results, backed by simulations and theory, show
the expected traits of this programming method.
To avoid periodic echo intensities, the TOLFC’s
TBP should be >120. Along with this we showed
that in the linear regime the grating efficiency as a
function of the programmed bandwidth drops like
1=B2 (versus 1=B4 for brief pulse programming)
and can be completely compensated for by a
corresponding increase in the chirp duration. The
simulations and experiments have both shown that
efficient TTD gratings can be produced using the
TOLFC method and that the TOLFC method will

properly accumulate these gratings. These results
enable the bandwidths of SSH to be pushed into
the multi-gigahertz regime using affordable
CECDL laser systems.
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