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Dynamics of broadband accumulated spectral
gratings in Tm31:YAG
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High-bandwidth accumulated spectral gratings are experimentally studied in Tm31:YAG by the stimulated-
photon-echo technique with a mode-locked picosecond Ti:sapphire laser system. The experimental results
show that the spectral grating builds up and decays on the time scale of the metastable-state lifetime (;10
ms), provided that the time interval of accumulating shots is of the order of the excited-state lifetime (800 ms).
An echo efficiency of the order of 0.1% was achieved with pulse intensities 2 orders of magnitude less than
those needed for a single-shot process. These results fit well an analytic solution of the Bloch equations and
a three-level system relaxation model. © 2001 Optical Society of America
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1. INTRODUCTION
The accumulation of a spectral grating is an efficient way
to enhance the strength of stimulated-photon-echo
signals.1 This process involves the building up of a spec-
tral grating in an inhomogeneously broadened absorbing
medium by repetitive application of a pair of temporally
separated programming pulses. To achieve substantial
accumulation requires that the repetition period be
shorter than the relaxation time of the spectral grating
but longer than the coherence dephasing time. Long re-
laxation times can result from either a long-lived excited
state (two-level systems) or a metastable bottleneck state
(three-level systems). In an extreme case of persistent
media, there is no upper limit on the repetition period.
After the repetitive programming pulses have been ap-
plied for several relaxation times, the accumulated grat-
ing reaches a steady-state value. Optimizing the pulse
intensities and material parameters for a given repetition
rate produces strong echoes with programming pulses
that are weak compared with those required for single-
shot echo generation. Most significantly, the accumula-
tion processes may be carried out with temporally com-
plex pulses and therefore have applications in optical
true-time delay, processing, and memory systems.2

For broadband operation, the lower input intensity re-
quirement of accumulated gratings avoids problems with
medium damage. Single-shot echo efficiency is maxi-
mized for pulse areas of p/2 on each programming pulse.
For the rare-earth-doped crystal used in our experiments
the intensity needed for a p/2 pulse with a 20-GHz band-
width is of the same order as the bulk damage threshold
of the laser-polished crystal. The intensity required for
efficient accumulated echoes is more than 2 orders of
magnitude less. In addition, achieving efficient opera-
tion with low-power laser sources is a necessary step to-
ward developing commercial optical coherent transient
(OCT) devices.

The accumulated-photon-echo technique has been used
in time-domain spectroscopy of rare-earth-doped crystals
as well as in demonstrations of OCT storage and process-
ing devices.3–5 In these experiments, as in all previous
0740-3224/2001/050673-06$15.00 ©
demonstrations of OCT devices, the programming and
processing stages were separated in time. The process-
ing ability lasted only for the lifetime of the spectral grat-
ing, and the dynamics of the grating while it was accumu-
lating were not significant. Recently, the use of a
continuously programmed continuous processor to
achieve continuous, real-time processing capability in
nonpersistent hole-burning medium was proposed.2 In-
stead of separate programming and processing stages, the
continuously programmed continuous processor has pro-
gramming and data pulses applied simultaneously to the
medium. The recorded pattern is accumulated and
maintained by repetition of the structured programming
pulses while the data stream passes through the medium
continuously, generating a continuously processed output
signal. Unlimited by the bottleneck lifetime, the process-
ing ability in a nonpersistent medium can last indefi-
nitely. Most significantly, the echo efficiency, defined as
the ratio of the output signal power to the power of the
input data stream, can be of the same order of magnitude
for high-bandwidth accumulated OCT processors as for
low-bandwidth single-shot OCT processors.2 To realize
practical devices based on continuous programming, ap-
propriate nonpersistent spectral hole-burning media
must be developed and their accumulation and decay
mechanisms well understood.

In this paper we report what we believe to be the first
experimental study of the dynamics of high-bandwidth
spectral grating accumulation and decay in a nonpersis-
tent material. In the research presented in this paper we
studied the 3H6 –3H4 transition of Tm31:YAG because of
the following properties that make this material a prom-
ising candidate for continuous programming2,6,7: (1) con-
venient operating wavelength at 793 nm, where commer-
cial diode lasers as well as solid state (Ti:sapphire)
continuous-wave and mode-locked pulsed lasers are avail-
able, (2) favorable temporal and spectral parameters, in
particular a coherent dephasing time, T2 , of tens of mi-
croseconds at liquid-helium temperature and an inhomo-
geneous spectrum of 17 GHz, which give a time–
bandwidth product of the order of 105 at a projected data
rate over 10 GHz, and (3) the presence of a metastable
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state (3F4) in the population relaxation path with an ;10
ms lifetime.7–9

This paper is organized as follows: In Section 2 we
present an experiment with accumulated spectral grat-
ings that uses picosecond programming and read pulses.
In Section 3 an analytical solution to the Bloch equations,
including empirical decay constants, is presented and is
used to simulate the experiment. The complication of
combined spectral gratings composed of programming
and probe pulses is also discussed. Section 4 details the
second experiment designed to eliminate the complication
of combined spectral gratings. The dynamics of the de-
sired grating, formed only by programming pulses, is ob-
served and fitted with the theoretical model. A summary
is given in Section 5.

2. EXPERIMENT
Spectral hole-burning memory and signal-processing de-
vices in rare-earth-doped crystals have been studied pri-
marily with acousto-optically modulated cw lasers, which
limits their operational bandwidth to less than a giga-
hertz. Whereas practical hole-burning based devices will
eventually employ compact diode and solid-state lasers,
we used a picosecond Ti:sapphire mode-locked pulsed la-
ser system with a regenerative amplifier to investigate
the high-bandwidth capabilities of Tm31:YAG. An im-
portant characteristic of the laser used is its ability to de-

Fig. 1. (a) Box configuration. (b) Schematic of the experimen-
tal setup. In the second set of experiments the chopper was re-
placed by an AOM, and the O.D. was used in both locations
shown. BS1 and BS2, beam splitters 1 and 2.
liver Fourier-transform-limited, 7-ps 300-mJ pulses at a
repetition rate greater than 1 kHz. To avoid crystal
damage, we use an external etalon to spectrally filter the
laser pulse to achieve 30-ps 50-mJ laser pulses. The re-
sultant pulse bandwidth is approximately a factor of 2
greater than the medium bandwidth (17 GHz). A sche-
matic of the experimental setup is shown in Fig. 1. The
optical pathway is split into three beams. The two pro-
gramming pulses, separated by delay time t21 , propagate
along beams 1 and 2, respectively, and the probe pulse
propagates along beam 3 with a delay t32 with respect to
beam 2 (see Fig. 1). The desired spectral grating formed
by programming pulse pairs has a period of 1/t21 . Laser-
frequency shifts result only in shifts in the grating enve-
lope but have no effect on the phase of the spectral grat-
ing, which is determined solely by the difference in the
two optical paths. Therefore the Fourier-transform-
limited pulse pairs can constructively accumulate grat-
ings over many laser shots, provided that the laser-
frequency fluctuations are less than the inhomogeneous
linewidth of the medium and the path-length jitter is
much less than an optical wavelength.

In our experiment we used a 5.5-mm-long Tm31:YAG
crystal with a 0.1% doping concentration corresponding to
an optical density of ;0.43 at 793 nm. The crystal was
held at 4 K in a liquid-helium cryostat. The three beams
were roughly equal (within a few percent) in power and
were focused by a lens to cross in the crystal with a spot
size ;0.25 mm in diameter. The wave vectors of the two
programming beams, the probe beam, and the echo
beams, labeled k1 , k2 , k3 , and ke , respectively, satisfy
the phase-matching condition: ke 5 k3 1 k2 2 k1 . In
the continuous programming scheme the processed out-
put is spatially isolated from the transmitted inputs by
phase matching with a box geometry. The transmitted
inputs were blocked after the cryostat. The output power
of the echo signal was detected by a photodiode and re-
corded by a digital oscilloscope. The delay between the
pulses on beams 1 and 2 was set to t21 5 0.7 ns, and that
between beams 2 and 3 was t32 5 0.2 ns; both times were
much shorter than T2 , the homogeneous lifetime of the
material. The time interval between two shots, tR , was

Fig. 2. Recording of echoes at a 1-kHz repetition rate with 16
laser shots of programming and probe beams unblocked followed
by 16 laser shots with probe pulses only.
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of the same order as excited-state lifetime T1 , which is
much longer than T2 and shorter than the bottleneck-
state lifetime, T3 ; 10 ms.

We studied the dynamics of the accumulated grating by
inserting an optical chopper between beam splitters 1 and
2 to periodically block and unblock the programming
pulses while beam 3 with the probe pulses remained un-
blocked. The chopper was synchronized with the laser at
a subharmonic of the laser repetition frequency. A re-
cording of echoes is shown in Fig. 2, for which the laser
frequency was 1 kHz and the chopper frequency was set
to (1/32) kHz, yielding 16 accumulation shots with pro-
gramming pulses unblocked and 16 grating probe shots
with them blocked. A neutral-density filter with an O.D.
of roughly 0.5 was placed on beam 3 to prevent saturation
from the probe. The output data in Fig. 2 show a pulse
train at 1 kHz of stimulated photon echoes spatially iso-
lated from the input beams and occurring 0.7 ns after the
corresponding pulse on beam 3. When the programming
pair is unblocked (at t 5 5 ms), the echo intensity in-
creases with each application of the programming pulses
and tends to a steady state for large numbers of accumu-
lation shots. After the programming beams are turned
off (at t 5 22 ms), the echo signal stimulated from the re-
sidual grating drops dramatically within 1 ms and then
decays away on a time scale of 10 ms. The pulses before
5 and after 39 ms are from the preceding and the follow-
ing dynamic cycles, respectively.

3. ANALYTIC MODEL
The grating dynamics depend on material parameters
T2 , T1 , and T3 , the absorption length, and branch ratio
b (the percentage of excited-state atoms that decay to the
bottleneck rather than straight to the ground state). It
also depends on the timing parameters of the experiment,
t21 , t31 , and tR , and on the input pulse areas. In our
experiment, the absorption length in our material was
1.0, the angles between the beams were small (1/50 rad),
mulation dynamics can be described by analytical
solution of the Bloch equations with empirical decay
terms. The density matrix of the system in the laser
frame is

r~D, t ! 5 S r11~D, t !

r12~D, t !

r21~D, t !

r22~D, t !

r33~D, t !

D , r~D, 0 ! 5 S 1
0
0
0
0

D , (1)

with the constraint that r11 1 r22 1 r33 5 1. Levels 1
and 2 are the ground and excited levels of the optical
transition, respectively, and level 3 is a bottleneck level
between levels 1 and 2. Under the condition in which the
durations t21 and t32 are much less than T2, T1, and T3,
the accumulation process can be broken into two steps: a
two-level system interacting with the input pulses with-
out coherent decay and a three-level system that decays
between laser shots. The interaction of a single input
pulse of duration of t (,T2) is described by the transfor-
mation matrix10

Fig. 3. Echo efficiencies measured within the programming
cycle of 32 ms as for Fig. 2: experimental results (filled circles)
and corresponding simulated results (curve).
A~a, t! 5
1

2V2 F 2V2 2 aD DD 2 iaS DD 1 iaS aD 0

DD 2 iaS aD 1 2VC 1 i2DS aD 2DD 1 iaS 0

DD 1 iaS aD aD 1 2VC 2 i2DS 2DD 2 iaS 0

aD 2DD 1 iaS 2DD 2 iaS 2V2 2 aD 0

0 0 0 0 2V2

G , (2)
and the spectrum of the brief pulses used was much
broader than the inhomogeneous band and thus the tem-
poral profile of the pulses could be treated as square. To
derive an analytical model for the observed dynamics we
made the following assumptions: an optically thin me-
dium, a collinear beam configuration, and square tempo-
ral shape of all pulses. Under these conditions the accu-
where C 5 V cos u, S 5 V sin u, D 5 a(1 2 cos u), and u
5 Vt. At a certain frequency D detuned from reso-
nance, Rabi frequency V 5 Aa2 1 D2 is determined by
on-resonance Rabi frequency a, which is proportional to
the square root of the intensity of the pulse. The on-
resonance pulse area is defined as u 5 at. At time t
5 0, the medium is in its ground state, r(D, 0). We can
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also use this matrix to describe the coherent evolution of
the absorbers between pulses for time intervals short
compared to T2 by setting a 5 0 and t equal to the time
interval. For T2 @ t,t21 ,t32 the result of a sequence of
input pulses from a single laser shot is obtained by appli-
cation of Eq. (2) sequentially with the appropriate timings
and Rabi frequencies. The relaxation that occurs be-
tween laser shots is described by the matrix11
B~t ! 5 F 1 0 0 1 2 b exp~2t/T3! 1 ~b 2 1 !exp~2t/T1! 1 2 exp~2t/T3!

0 0 0 0 0

0 0 0 0 0

0 0 0 exp~2t/T1! 0

0 0 0 b exp~2t/T3! 2 b exp~2t/T1! exp~2t/T3!

G . (3)
The coherences (r21 and r12) are lost between two laser
shots because tR @ T2 . The density matrix at the time
of the stimulated echo generated after n programming
pulse sequences (with beams 1 and 2 unblocked) and m
readout sequences (with beams 1 and 2 blocked) is given
by

rm1n~D, t3 1 t21! 5 A21A3
mB~tR!mA3A32A2A21A1

3 @B~tR!A3A32A2A21A1#~n21!

3 r~D, 0 !, (4)

where Ai 5 A(ai , t i), Aij 5 A(0, t ij), and t3 is the time of
the last probe pulse. The echo amplitude at time t3
1 t21 after n programming shots and m probe shots is ob-
tained by integration of i@r21(D, t3 1 t21) 2 r12(D, t3
1 t21)#g(D) over all D. This method was used to simu-
late the grating dynamics in Fig. 2. The calculated and
experimental results are plotted in Fig. 3 and are repre-
sented by a solid curve and filled circles, respectively.
The fit parameters are u1 5 u2 5 0.08p and u3
5 0.044p, and T3 5 13 ms. Despite the Gaussian spa-
tial profile of the beams, which yields a distribution of
Rabi frequencies across the wave fronts, the simulation
fits the experimental results well. The sudden drop after
the programming beams are blocked is due to two effects.
The first is the decay of the excited-state grating to the
ground state. The lifetime of the excited state, T1 , is 800
ms, and the branching ratio, b, is 0.56, which results in a
drop of 10%. The second effect is more significant be-
cause a second grating accumulates in the medium, which
results in an echo at the same time and in the same di-
rection as the expected signal. This echo results from
beams 1 and 3 acting as programming beams and beam 2
acting as a probe beam. The echo is phase matched in
the same direction as the echo that results from pulse 3
probing the grating of beams 1 and 2. This added contri-
bution to the echo signal occurs only when beams 1 and 2
are unblocked because it is stimulated by beam 2. The
contributions are roughly equal in amplitude, and the sig-
nal detected is the square of the output amplitude. We
see a drop of roughly a factor of 4 because of this effect
after beams 1 and 2 are blocked. The decay after this
sudden drop and after the excited state has decayed com-
pletely is due to the decay of the bottleneck state back to
the ground state. The lifetime of the bottleneck state,
T3 , is ;10 ms.
4. SINGLE-GRATING DYNAMICS
The accumulation and decay of the combined gratings
built by beams 1, and 2 and by beams 1 and 3 do not
mimic what is expected in an OCT processor. Typically,
the phase relationship between pulses 1 and 2 would be
the same for all programming pulse pairs to yield coher-
ent accumulation, whereas pulse 3 would be an uncorre-
lated data stream and incoherent with respect to pulses 1
and 2. To demonstrate the dynamics of the single grat-
ing under these conditions we substituted an acousto-
optic modulator (AOM) in place of the chopper. The
AOM has the effect of adding a random phase equally to
both beams 1 and 2, as the AOM’s frequency is not syn-
chronized with the laser repetition rate. Therefore
pulses 1 and 2 had a constant phase relation with respect
to each other but a random phase relation with respect to
pulse 3. Thus the grating that is due to beams 1 and 2
accumulated coherently, whereas the grating that is due
to beams 1 and 3 accumulated incoherently. The ratio of
the signals from these two gratings drops roughly with
the number of laser shots. The echo signals generated by
the coherent and incoherent gratings could add construc-
tively or destructively, but on average the combined sig-
nal would be that of only the coherent grating. Thus, we
can simulate the data from our AOM experiment by as-
suming that the grating that is due to pulses 1 and 3 is
not formed. We do this by introducing into Eq. (4) a co-
herence loss @B(0)# between pulses 2 and 3. The modi-
fied equation is

rm1n~D, t3 1 t21! 5 A21A3
mB~tR!mA3B~0 !A2A21A1

3 @B~tR!A3B~0 !A2A21A1#~n21 !

3 r~D, 0 !. (5)

The introduction of the AOM also allowed for longer accu-
mulation times (no longer limited by the timing jitter of
the chopper that increased with decreasing chopper fre-
quency).

Figure 4 shows the results for 38 laser shots with all 3
beams unblocked followed by 26 laser shots with only the
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probe beam unblocked. The data represent the average
of 512 buildup and decay cycles. We no longer see the
dramatic drop when pulses 1 and 2 are blocked. The
fluctuations of the echo signal during accumulation are
likely the result of the incoherent buildup of the grating
owing to pulses 1 and 3. The maximum echo efficiency is
;0.06%. The fit parameters for the upper curve are u1
5 u2 5 0.039p and u3 5 0.024p, and T3 5 13 ms. To
test the validity of our model we moved the neutral-
density filter in front of beam splitter 1, which attenuated
all three beams, yielding the results of the lower curve.
The fit parameter for the lower curve is u1 5 u2 5 u3
5 0.024p, and T3 5 13 ms.

For the data in Figs. 3 and 4 the laser repetition period
of 1 ms was greater than the excited-state lifetime of 0.8
ms. To investigate the accumulation dynamics when the
repetition period is shorter than the excited state lifetime,
we increased the repetition rate to 4 kHz (the laser’s
maximum repetition rate). The AOM was set to allow for
66 programming and probe laser shots and 62 probe-only
laser shots. Figure 5 shows the results for full (O.D. in
beam 3 only, upper trace) and attenuated (O.D. in all
beams, lower trace) programmings, with an average of
512 buildup and decay cycles. The fit parameters are the
same as for Fig. 4, as expected, because the laser pulse
energies were roughly the same in both cases. The echo

Fig. 4. Echo efficiencies at a 1-kHz repetition rate within the
programming cycle of 64 ms with 38 programming and probe la-
ser shots and 26 probe-only laser shots: experimental results
for the average of 512 cycles (filled circles) and simulation
(curves).

Fig. 5. Echo efficiencies at a 4-kHz repetition rate within the
programming cycle of 31 ms with 66 programming and probe la-
ser shots and 62 probe-only laser shots: experimental results of
the average of 512 cycles (filled circles) and simulation (curves).
efficiency for full programming power (upper curve) was
;0.3%, close to the value expected.

According to the calculation in Ref. 2, the photon echo
signal from an optimized accumulated grating can reach
1/8 of that caused by p/2 single shots and one can always
optimize the accumulation at a given tR by varying the
programming pulse area to an optimal value uop . In gen-
eral, a long tR requires a large uop . In our experiment,
tR is restricted to be longer than 250 ms by the maximum
repetition rate (4 kHz) of the regenerative amplifier in the
laser system. Our simulation resulted in uop 5 0.15p for
4 kHz and uop 5 0.3p for 1 kHz. Although the pulse ar-
eas in the experiments were much lower than the optimal
values, a further increase was difficult because of the risk
of high-peak-power damage in the crystal. When the
pulse area is less than the optimal value, a decreased rep-
etition period is a way to increase the echo efficiency.
The experimental results from 1 to 4 kHz in Figs. 4 and 5,
respectively, show the trend. Theoretically, the smallest
tR can be 32 ms (2T2) for Tm31:YAG, and the pulse area
is optimized at uop 5 0.05p. Unfortunately, no broad-
band laser source is available to meet the requirements.
One may consider using the pulses directly from the os-
cillator at 80 MHz if T2 can be shortened to nanoseconds
(by power-induced spectral diffusion or an increase in
temperature, for example). However, comparing the
pulse energy and length, 10 mJ/30 ps (1 nJ/100 fs) with
(without) a regenerative amplifier, we estimate the echo
efficiency to be 104 times less in the case without the re-
generative amplifier. So the echo efficiency, ;0.3% in
Fig. 5, is the maximum value that we can reach experi-
mentally under current conditions.

5. SUMMARY
In summary, the dynamics of high-bandwidth accumu-
lated spectral gratings has been experimentally observed
in Tm31:YAG by means of stimulated photon echoes.
The accumulation dynamics were studied under several
conditions, and the results matched the analytic model
well in all cases. An echo intensity efficiency of the order
of 0.1% has been observed. These results are an impor-
tant step in the demonstration of a continuously pro-
grammed true-time-delay processor that works on broad-
band signals.
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