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Ultrafast optical switching in a semiconductor laser amplifi8L.A) at transparency current is
studied under a strong pump condition. The switch configuration is a nonlinear optical loop mirror
with a SLA as the nonlinear element. We demonstrate optical switching with 2 ps recovery time and
60% nonlinear transmission at switching energy of 9 pJ. We find that the transparency current is
pump power dependent and that the transparency current is different for uniform 7-bit input control
pulses at 100 Gb/s. We believe these two outcomes are due to significant carrier generation via two
photon absorptiof TPA) at high pump intensity. To verify our hypothesis, we modify coupled
propagation equations by including the carrier generation due to the TPA and solve the equations
numerically. Good agreement between the experimental and simulation results is obtained. We
conclude that to achieve complete pattern-independent 100 Gb/s optical switching using a SLA at
transparency current, we have to avoid TPA or use the SLA with a transit time shorter than the
control pulse width. ©1999 American Institute of Physids0021-89789)06221-(

I. INTRODUCTION 10 Gb/s AND gate in an ultrafast nonlinear interferometer
using SLAs biased at transparency current have been dem-

In a high-speed optical time division multiplexed gngirated. We have also reported an AND gateéhait2 ps
(OTDM) network, all-optical switches can perform U|trafa5t,switching recovery time in a loop mirror at transparency

signal processing without optoelectronic conversion. Semi- 8 :
o . current’ We observed that at high control pulse powgiw
conductor laser amplifier6SLAs) have been considered as 9 P P

promising optical switching devices because of their com-peak power nonlinear absorption was not negligible gnd the
pactness, their ability to be integrated, and their environment_rans.parency-current was DQWGf dependénio achleye
tal stability. The main challenge for SLA based devices is thdn@imum switching output, high control pulse power is re-
existence of a slow nonlinearityyecovery time~ns). Sev-  quired; therefore, the effect of two photon absorptiRA)

eral approaches have been developed to solve this slow rén switching performance needs to be understood. The TPA
covery problem. One is to enhance the recovery rate by inlimitation to optical switching has been studied with regard
jecting a strong continuous wavew) “holding beam” into  to TPA induced los$®'! The TPA effect on carrier heatiffg

the SLA! A 7 phase change that recovers within 12.5 psand picosecond pulse propagafidotf has also been ana-
with a 20 mW cw holding beam has been demonstrated.lyzed. However, the effect of TPA on optical switching the
Another approach is to design a switch configuration suchransparency condition due to TPA generated carriers and
that the phase shifts due to the slow nonlinearity are aboutpa induced control pulse distortion has not been examined.
the same as those for two arms of the interferometexl- In this article, we study optical switching in a SLA bi-
though this approach cannot avoid amplitude modulation duggeq at transparency current under strong control pulse
to the slow gain saturation effect, 100 Gb/s logic operation?)ower. We begin in Sec. Il by performing pump—probe mea-

have bgen demonstratéd. surements to determine the transparency current under strong
Besides these two approaches, recent femtosecon o . o
ump conditions. In Sec. Ill, we characterize the switching

pump—probe measurements revealed a larg

(~1O‘12cmZ/W) and fast recove(r~ps) nonlinear refractive performance at transparency current. We first use a strong

index in SLAs biased at transparency current where no netingle bit control pulse. In this case, fast recovered switching
slow inter band transitions were induced by the pumpis obtained at the transparency condition. To characterize the
pulses’ At this transparency current condition, both nonlin- Switching performance at 100 Gb/s, we generate a 7-bit

ear index and nonlinear gain recover in picosecohttiere-  “1011 001" packet at a bit rate of 100 Gb/s as the control
fore, ultrafast and pattern-independent switching can bg@ulse. The peak power for each control bit is higher than 6
achieved. Nonlinear switching in directional coupfeasd a W, which generates a significant number of carriers through
two photon absorption. In this case, no transparency condi-

dCurrent address: Lucent Technologies, Breinigsville, PA 18031; electronigIon can be Obté‘med for every antml bit and no fast SW'tCh"
mail: yuanhuakao@Ilucent.com ing can be achieved for every bit, although each control bit
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has similar input peak power. We attribute this to a combi- 1.2 T T - T
nation of TPA carriers and control pulse depletion in the
SLA. To verify our hypothesis, we numerically solve
coupled propagation equations including gain depletion, car--
rier heating, and carrier generation due to TPA. Both rapid
gain and phase dynamics are included in our model to simu-
late carrier dynamics as well as pulse propagation. We obtaing
good agreement between the simulation results and experi-3
mental results for the pump—probe measurements. We finda
that the TPA carrier generation term is necessary to explain'g
why transparency currents are pump power dependent. wes
further use this simulation to show that carrier dynamics in-
duced by the pump are different at different positions of the
SLA because of pump depletion caused by the TPA. There-~ 04 10 0 10 20
fore, carrier densities in the SLA are different at different
propagation distances and the transparency condition canno.
be satisfied at every position of the SLA. Although one cankc. 1. Normalized probe transmission as a function of pump—probe delay
adjust the current for the first control pulse such that theat pump power of Zdotted ling and 6 psolid line). The bias current is 36
SLA, on average, is at the transparency condition, the carrigf”-

distribution in the SLA has been changed to a different con-

dition and one will need to readjust the current to achieve &pa carriers that are pump power dependent. The pump

transparency condition f.o.r the second cc_)ntrol pulse. Thgr pulse generates more carriers from TPA at 6 pJ, so it requires
fore, transparency conditions become different for the firs higher current to reach the transparency condition in the

and subsequent control pulses before SLA carriers reach| s Figure 2 illustrates the transparency current as a func-

steady state. tion of the input pump energy. This power dependent behav-
ior of the transparency current was also observed by

g .
IIl. CROSS-POLARIZED PUMP—PROBE EXPERIMENTS ~ Keénnedyet al” using longer(14—30 p$ pulses.

ransmission

Norma

Delay (ps)

To study the transparency condition at high pumplil. EXPERIMENTAL RESULTS FOR ULTRAFAST
power, we perform pump—probe experiments. The pump an8WITCHING IN SLAs
probe pulses are generated from a passively mode-locked

erblig?idope%iber Iané_EDFL) With zpulszeovx/ilcgh o_lf_r?.S pT’ lustrated in Fig. 3. The control pulse is brought into the loop
at nm. The repetition rate is about Z. The PUISesyipror by a 3 dBcoupler to induce nonlinearity in the SLA,

are split into the pump and the probe via an acousto—opti%nd the si : o : .
gnal pulse is split into two counterpropagating sig-
modulator (AOM) and the pump pulses are chopped by hals ly a 3 dBcoupler in the loop. The two signals interfere

chopper. A variable delay stage is used to adjust the tim the coupler after they experience a phase shift in the SLA

&
delay between the pump and the probe pulses. The pump a’%&xd result in switching. A variable air gap is used to adjust
probe pulses are combined by a 50/50 coupler and couple

into (out of) the SLA by a pair of lensed fibeilLF) with
coupling efficiency of 10%. Polarization controlle(BC9

The experimental setup for an ultrafast AND gate is il-

are used to adjust the pump polarization to (&) polar- 80 -
ization [along the multiple qguantum well MQW laydrand 70
the probe polarization to TM. The SLA is a 47dn long l =

INnGaAsP MQW with antireflection coating on both sides.
The pump pulses are filtered out by a polarizer at the output
of the SLA and the pump-induced probe transmission change
is measured by a slow detector and a lock-in amplifier.
Figure 1 shows the pump—probe results at pump energy
of 5 pJ(peak power of 6.25 Wand 6 pJpeak power of 7.5
W). The delay is defined as negative when the pump is be-
hind the probe. At 5 pJ, the probe transmission to its original
level a few picoseconds after the pump passes the SLA. This
indicates that the carrier density in the SLA is the same be-
fore and after the pump pulses pass through the SLA and that 104
the SLA is at the transparency condition. However, when we ]
increase the pump energy to 6 pJ, the probe transmission is 0 0 > 4 8 8 10
higher after the pump passes the SLA. We believe that this
power dependent transparency current is due to the effect of
TPA. The high pump power induces a significant amount of FIG. 2. Transparency current as a function of the input pump energy.
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FIG. 3. Experimental setup for the SLA switch. EDFL—erbium-doped fiber - L]
laser, AOM—acousto-optic modulator, and PC—polarization controller. o
2 20 .
5
the SLA position in the loop. Again, the control is TE polar- Z 404 -
ized and the signal is TM polarized before being coupled - "
into the SLA. The control pulses are filtered out by a polar- o
izer at the output of the loop and the signal pulses that are 0 2 4 6 8 10

switched out are either measured by a slow detector or diag-
nosed by an autocorrelator and a spectrometer.

Input Control Energy (pJ)

To demonstrate ultrafast optical switching at transparfIG. 5. Ratio between the nonlinear transmissfasith the control pulse

ency current, we measure the time-averaged signal transmi
sion at the loop output as a function of the time delay be-
tween the control and the signal in the gain, transparency,

g@d the linear transmissidmwithout the control pulseas a function of the
input control energy.

and absorption regimegFig. 4).2 The loop is adjusted to

minimize the signal transmission in the absence of the con:
trol. The control pulse energy coupled into the SLA is about

3 pJ(3.75 W peak powegr which is about 10 times the signal

energy. In the gain regime, the timing window is 20 ps,

different recovery times of the fast and slow nonlinearities.
In the absorption regime, the nonlinear switching is domi-
nated by the slow nonlinearity and the timing window is 20
ps. At transparency current, the timing window reduces to 2

which is determined by the offset of the SLA from the centerPS which is the convolution of the signal, control, and the

of the loop. The structure in the timing window illustrates
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FIG. 4. Time-averaged signal transmission at the loop output as a functio
of time delay between signal and control pulses at different currents. Th

transparency current is 31 mA.

ultrafast carrier recovery time. The small timing window at a
delay of —20 ps occurs because the control pulse overlaps
the counterpropagating signal pulse in the SLA and switches
out the counterpropagating signal. The counterpropagating
signal that is switched out is much weaker than the copropa-
gating signal that is switched out due to a shorter interaction
length and control pulse depletion due to the TPA. This
sharp timing window indicates that the SLA can perform
ultrafast switching in 2 ps at transparency current. Therefore,
by adjusting the current to the transparency condition, we
should be able to achieve 100 Gb/s optical switching.

We further characterize the gate performance in terms of
maximum nonlinear transmission, switching energy, and out-
put pulse quality. The control pulses are amplified by an
erbium-doped fiber amplifie(EDFA) to achieve higher
switching output. Figure 5 shows the ratio between nonlinear
transmissionwith control puls¢ and linear transmission of
the gate as a function of the input control energy coupled
into the SLA. The linear transmission is obtained by adjust-
ing the loop to maximize the signal transmission without the
control pulse. Note that the current needs to be readjusted to
the transparency condition at each input control enéFay.

2). The maximum nonlinear transmission is about 60% at
input control energy of about 9 pJ. The maximum nonlinear
transmission is limited to 60% because the control pulse is
distorted by TPA at high energy:*> Although the control

pulse is distorted, we find that the signal pulse is not dis-
torted significantly because of its low power. Figure 6 shows
the autocorrelation and the spectrum of the input signal pulse
Zdashed ling and switched-out signal puldeolid ling). By

comparing the dashed and solid lines in Fig. 6, we conclude
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rest of the pump pulses. This further proves that the SLA is
0.0 ; ) A " at transparency only for the first pump pulse.
1525 1530 1535 1540 1545 The 7-bit switching results indicate that the transparency
Wavelength (nm) conditions are different for different control bits, although

they have the same input power. We attribute this to the
FIG. 6. Auto-correlation(top) and optical spectruntbottom of the signal  effect of TPA and pump depletion. Because the control pulse
pulse at the loop output wittdashed lingand without(solid line) the SLA.  width (1.5 pg is shorter than the SLA transit tin(& p9, the

control peak power decreases due to the TPA as it propagates
that the signal pulse distortion from this gate is insignificant'(;1 the SLA. IThert(:lfore, the T{PA gegt_atrated_carr(lj(_af:c nurr:ber
and it can be amplified and used to drive another gate. ecreases along the propagation and It requires ditrerent cur-

So far we have demonstrated a fast recovered switchin nts to reach the transparency condition at different posi-

characteristic using the SLA at transparency current with ons Otf thehStIr_]At. For the flrsttﬁon;rl(_)'lApuls?ﬂ\:vetcan find a
ps pulses at a slow repetition rg0 MHz). To emulate the current such that on average the IS at the transparency

switching performance at 100 Gb/s, we use a 7-bit 100 Gb/ oint. In other words, the _beg_inning part .Of the SLA and t_he
packet 1011 001 as the control pulses. This packet is forme&mer part of the SLA are in either the gain or the absorption
by 1X4 and 4<1 couplers and amplified by an EDFA with

a pulse width of 1.5 ps and pulse energy of 9 pJ/puis&/ 12

peak power. The signal pulse is still a single bit direct from
1or M I

the EDFL. The SLA offset is adjusted to be about 8 ps from
the loop center. Figure 7 shows the input 7-bit control pulses
and signal transmissions at the switch output as a function o
the delay between the control and signal. The 7-bit control
pulses have uniform input power, but only the first pulse has

the fast recovered timing window. The timing windows from 08} .
the other three control pulses consist of a big window from
the slow nonlinearity and a narrow window from the fast
nonlinearity. The presence of the big timing window implies o6k i

that there is switching output when the control does not over-
lap the signal and the SLA is not at the transparency condi-
tion. We can also adjust the current such that only the secon
bit is at the transparency condition, but we cannot find any
current which reaches the transparency condition for ever Delay (ps)

control bit. Figure 8 shows the pump—probe results CorreleG. 8. Normalized probe transmission as a function of time delay between

SpOhdiﬂg_ t_o Fig. 7. Note that_ the probe transmission recover§e 7.pit 1011 001 pump pulses and the probe pulse at bias current of 30
to the original level for the first pump pulse, but not for the ma.

Normalized Probe Transmission

-40  -20 0 20 40 60 80 100
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regime, but the SLA is at transparency on average. Howeve 1.2 — : i . . i .
when the second control pulse enters the SLA, it experience ¢
different carrier densities at different positions of the SLA -%
and experiences different initial conditions compared to g 10k |
those of the first control pulse. Therefore, it requires different @
currents to achieve the transparency condition on averag:
and we cannot find a transparency current for 100 Gb/: F
pulses before the SLA reaches its steady state. % 08 1
a
e}
O 06} -
IV. COUPLED PROPAGATION EQUATIONS %
To understand the intensity dependent transparency cu §
rent and switching results at 100 Gb/s, we modify the Z 4o "(0 52 41 & s

coupled propagation equations in Refs. 13 and 15 by includ
ing the carrier generation due to the TPA effect. The result:

ant coupled propagation equations for the pump and thEIG. 9. Simulated probe transmission as a function of delay between the

probe pulses are pump and the probe. The pump pulse energy {sidited curvi and 6 pJ
(solid curvs.

Delay (ps)

i S(t,z)= . Hi2 |S(t,2)|2S(t,2)
gz 2Ass CAgs 2 ’ ’
whereg, is the small signal gain, and/; is the saturation

+[29n(t, o) (1+iap)1S(t,2) energy.
. The gain reduction caused by the carrier heating effect is
+ %AgCH(ti wo)(1+iacy)S(t,2) described as
+3Ag7pa(t, wo) (1+iatpa)S(t,2) 4.7 t / , ,
g Aget)=— | e ¥hy|sit—9)+ hylsit—s)las,
B . , (4.4
- Pt2)=2| - 2Aus 3 CAy 2 |S(t,2)[p(t,2) where 7y is the relaxation time of the heated carrier tem-
perature back to the lattice temperature due to carrier—
+[39n(t, 00) (L +iay) ]p(t,2) phonon scatteringy; describes the carrier heating contribu-
. ) tion from free carrier absorption, ant, describes the
+2Adcen(t, wo) (1 +iach)p(t,2) contribution from the TPA. Because we are also interested in
+ 1A grpa(t, wo) (1+i arpa) p(t,2), (4.2 the carrier density change after the pump pulse propagates

) ) ] through the SLA, we need to consider the carriers generated
whereS(t,z) is the slowly varying envelope function of the by the TPA. The TPA effect first reduces the gain by heating
electric field for the pump pulse amu(t,z) is that for the 5 the carrier distribution and then increases the gain by
probe pulse. The terms on the right-hand side of both equancreasing the carrier density. By introducing a third level in

tions are the TPA, the corresponding instantaneous nonlineghe rate equation, we derive the gain increase due to carrier
refractive indexn,, the gain saturation from carrier deple- generated by the TPAgpa(t) as

tion gy, the associated index change through the linewidth L
enhancement factaty, an additional gain reduction from _ f‘ F —sl7 4
. . . : A t)=— dt e ®7cHh,|S(t—s)|"ds.
the carrier heating effectgcy, the associated index change grea(t) Ten)—w Jow 2 S(t=9)|
throughacy, the gain increase from the carrier generated by (4.5

TPAAgrea, and the associated index change throagph . These two propagation equations describe the pulse evo-

Neither the group velocity dispersiofGVD) due t0 the o in the SLA for both pump and probe pulses due to the
background |_ndex nor.spectral hole burning are _mcjgded iMonlinearities excited by the pump pulse. By solving Eq.
our propagation eqllélatmn because they are nc_)t S|gn|f|cant fqr4_2) at different delays between the pump and the probe
the 0.8 ps pulse3.® We also neglect the gain dispersion pulses, we can obtain the amount of probe transmission after

terms because the pulse distortions due to the gain diSperSi?JFopagating through the SLA at different delays between the
do not affect the overall carrier density significantly. Thg pump and the probe.

is the effective areavd/T", wherewd is the cross section of
the a<_:t|ve region andl is the_: confinement factor. V. SIMULATION RESULTS
Since the pulse width is much shorter than the carrier

lifetime (=~ ns), the gain changes due to the carrier depletion ~ We first simulate the single bit pump—probe experiments
gn(t) are given by’ (Fig. 1) and plot the simulation results in Fig. 9. The simu-

lation parameters are listed in Table I. At 5(dé&shed curve
ot =gsextl — ift IS(s)|2ds|, 4.3 in Fig. 9), the probe transmission recovers to the same level
W J o a few picoseconds after the pump passes the SLA. To repro-
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TABLE |. Simulation parameters. T T T T
K A p
Parameter Value Units 0.30
W, 10 pJ
At 1 i’ 0.25 ]
L 430 um
n, —45x10713 cme w1 . B
B 60 cm GW? 3 020} 4
TcH 1 8 C
h; 0.3 cmipJ? c D
h 300 fscmtpJ 2 © .
azN 3 P U] 0.15 :,-4.1++++++++++++++ E e
acy 2 3
atpa 8 0.10 | \ 1
i . . 0'05 1 1 L 1
duce the curve at 6 p&olid curve in Fig. 9 we need to -10 -5 0 5 10 15

include theAgrpa term in Eq.(4.2). Without this term, the
probe transmission always recovers to the same level after
the pump pulse passes the SLA regardless of the input punﬁiG-_ 11. Gain q;_/namics due to the strong pump pulse as a function of time
energy. Figure 10 shows the pump—probe results for tht different positions of the SLA: (Ay 14, (B)=72, (C)=143, (D)= 286,

Delay (ps)

. . . .. E)=430um. The inset plots the segments in the SLA where the gain
different input pump energies at transparency conditiongves are obtained.

when theAgrpa term is not considered. The dip is larger at
higher pump energy because the TPA is stronger, but the
probe transmission recovers to the same level even at high&te pump—probe results show that the SLA is at the trans-
pump energy. Therefore, we confirm that the intensity defarency condition, the probe does not experience the trans-
pendent transparency condition is due to the carriers geneparency condition at all positions of the SLA. The pump
ated by the TPA. depletion caused by TPA results in a decrease of the TPA
To verify that the carrier densities in the SLA are differ- induced carriers along the SLA. Figure 12 illustrates the
ent at different propagation distances due to TPA generate@ump depletion in the SLA. For comparison, we plot the
carriers, we plot the pump-induced gain changes as functior@?in changes at different positions of the SLA under trans-
of time at different segments of the SLA in Fig. 11. The parency conditions wheagpa=0 (no TPA generated car-
resulting pump—probe measurement for Fig. 11 is shown byiers (Fig. 13. We observe that the slow components of the
the dotted curve in Fig. 9, which is typically defined as thegain changes always recover at all segments in the SLA. This
transparency condition. Although the probe pulse experishows that the whole SLA is at the transparency condition
ences overall the same gain changes before and after thgen no TPA carriers are present.
pump passes through, Fig. 11 shows that the slow compo- Because the slow components of the gain changes in-
nents of the gain changes induced by the pump are differestuced by the pump are different at different positions of the

at different positions of the SLA. In other words, although SLA, the second pump pulse entering the SLA 20 ps after
the first pump pulse experiences different carrier density in

the SLA from the first pulse. Therefore, it requires a different

T T T T - - T current to achieve the transparency condition for the second
C
S 10} .
(2]
R4 T T T T
g
& 06} .
© —_
= o8 . 3
3 S ost ]
o )
= 3
B o6} J & o4l , _
3 ©
g )
S o o3f .

Q.

e e O

i ” i o o2} .

Delay (ps) : . ) . . . .
0 100 200 300 400

FIG. 10. Simulated probe transmission as a function of the delay betwee SLA position (um)
the pump and the probe when thgp, term is turned off. The pump pulse

energy is 5(dotted ling and 6 pJ(solid line). FIG. 12. Pump pulse peak power as a function of the SLA position.
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FIG. 14. Gain dynamics due to the strong pump pulse as a function of time
FIG. 13. Gain dynamics due to the strong pump pulse as a function of timeit the beginningsolid curvg and the enddashed curveof the SLA. The
at different positions of the SLA: (AF 14, (B)=72, (C)=143, (D)=286, transit time of the SLA is 0.1 ps.
(E)=430um when theAgqpa term is turned off.

avoid a strong TPA effect. One can achieve this by tuning

pump pulse and the transparency current will be different fof '€ OPerating wavelength to where the nonlinear index is

the subsequent bits before the SLA reaches its steady statgigher'
VIl. SUMMARY
VI. DISCUSSION In summary, we have studied the switching characteris-

tics of SLAs at transparency current under strong control

The good agreement between the experimefiiz. 1) i . .
and simulation result&Fig. 9) verifies that TPA carriers are POWer. We find that the transparency current is a fun_ct|on of
significant at high pump power. Although the SLA can be atthe |_nput cSoLn/}'\roltetnergy due to two pthc_)ton labsorp.non. By
a transparency condition on average in the presence of TPR""‘S'Hg a at transparency current in a 100p mirror, an

carriers, the TPA carriers cause the transparency current f%ND gate operation that recovers in 2 ps with maximum

be pump power dependent, which makes the device le onlinear transmission of 60% at switching energy of 9 pJ is
practical. Therefore, pump pz)wer should be kept low so thj&emonstrated. To evaluate 100 Gb/s switching at the trans-

TPA carriers are not significant. Also, our results show thaarency condition, we generate a 7-bit 1011001 100 Gb/s

when the control pulse width is shorter than the SLA transitpaCket as an Input cqntrol pulse. WG.} f|nd_ that the transpar-
time and the TPA effect is significant, the SLA cannot reach®NcY conditions are different for the first bit and the remain-

the transparency condition for 100 Gb/s pulses. Although th&9 bits due to the TPA induced carriers and pump depletion

SLA carriers will eventually reach steady state and the trang)! the SLA. Coupled propagation equations that include

parency current will be the same for all the incoming control;rPA’ gain sa;uratyon fror; carrier depleuofn, gat'ﬂ se_:_tgftlon
pulses, the switching will not be completely transparent to fom carrier heatng, and gain Increase from the are
the control bit pattern solved numerically. From the simulation results, we verify

One way to reach the transparency condition in the preSt_hat the intensity-dependent transparency current is due to

ence of significant TPA carriers is to use a control Ioulsethe carriers generated by TPA. We also show that the carrier

width that is longer than the SLA transit time. Figure 14 density changed by the strong pump is different at different

plots the simulated gain changes induced by the pump at tH%ositions of the SLA because the pump peak power de-

beginning and the end of the SLA. All the parameters are th&eases along the propagation in the SLA. Finally, we con-
same as those in Fig. 11 except that the SLA transit time i lude th"’}t to op.era'Fe the SLA at transpareqcy current for 100
changed to 0.1 péless than one tenth of the control pulse b/s optical switching, one needs to use either low power to

width). We observe that the slow components recover toavOid strong TPA or a pulse width that is longer than the

similar levels at both ends of the SLA even though the TPASLA transit time.

is significant. Therefore, the whole SLA is at the same trans-

parency condition and the transparency current is the sanf®CKNOWLEDGMENTS
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