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Accuracy of chaos synchronization in Nd: YVQ, microchip lasers
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Synchronization of chaotic oscillations generated in two Nd:Y,\ficrochip lasers is experimentally and
numerically demonstrated with master-slave coupling schemes. The synchronization performance under some
parameter mismatch between the two lasers is quantitatively characterized. Synchronization is always achieved
when the lasing frequency of the slave laser is matched to that of the master laser through injection locking.
Accurate synchronization of chaos at an average intensity error of less than 2% is attained and maintained for
tens of hours. The modulation parameters of the two lasers do not need to be matched for synchronization
when the injection power is at a sufficiently high level, because chaos synchronization is based on its injection-
locking performance. For accurate synchronization in multimode lasers, the power distribution among longi-
tudinal modes needs to be matched.

PACS numbgs): 05.45.Xt, 42.65.Sf, 05.45.Vx, 05.45.Gg

[. INTRODUCTION the two chaotic signals tend to be slightly different, negative
feedback can control the system at the manifoldxQfgier
Synchronization of chaos has recently attracted great in=xg,,.. Some numerical studies on chaos synchronization in
terest because of its potential applications in secure commuasers using this method have been repof&dl10. How-
nications[1,2]. Optical chaos generated in lasers, in particu-ever, since coherent detection of the difference between two
lar, is expected to be wuseful for optical securelaser fields is complicated in experiments, the laser field in
communications. Recently, optical encryption systems usinghe master laser is directly injected into the slave laser for
laser chaos were experimentally demonstrageeb], where  synchronization/6,11-28. In this case, a perfect synchro-
synchronization of laser chaos is a key technology to genegys solution can exist when the injection power ratio and/or
ate an identical chaotic wave form in both a transmitter andyoton lifetime in the laser cavity are carefully adjusted in
a receiver for 5|gnal dv_acodl_ng. Synchronl_zatlon of phaos ihoth the master and slave lasgid,12,17. Therefore, the
lasers has bee_n |ntenS|_ver investigated W'Fh numerical mOdéptical injection method for chaos synchronization in lasers
els[6-26| and in experiment§27-3§ for various laser sys- . %Ppears to be equivalent to the continuous control method.
tems. However, no one has reported the physical mechanis These synchronization mechanisms cannot be adopted
of chaos synchronization in lasers, so far. Therefore, exper'\;\,hen parameter mismatch exists between chaotic systems.
mental conditions for achieving chaos synchronization aréryeye ig ng synchronous solution. Some numerical studies on
still not well understood. Chaos synchronization in lasers canp,, o synchronization in lasers with parameter mismatch
be (_:ategorized _into two types: the .master—slave Gpudi-  1ove been reportefb,8,12—18. They found that the accu-
rectional coupling of the laser fieldand the mutually a0 of synchronization is reduced as the parameter mis-
coupled typg6]. In this paper, we discuss chaos synchroni-paiep, jncreases. The most important condition for achieving
zation only in the master-slave type, which is well suited forg, . onization in lasers is matching carrier frequencies be-
secure communication applications to connect distantly Sepag aen the two lasers. Note that lasing frequencies are very
rgted chaotic lasers and to maintain the original chaotic carz, - larger than chaotic oscillation frequencies by a factor
Mers. o i f 10°—10°. We denote the amplitude of the electrical field
The concept of chaos synchronization was first reporte . ) .
by Pecora and CarroJil]. A chaotic system is divided into (t).: Eo(t)exp{axt). T.he. slowly varying _envelope approxi-
mation allows us to eliminate the term ekpgt) and we can

two subsystems, the driving and response systems. The r X . : :
sponse systerfmastef and another newly created responseconS|der only the dynamics of the slowly varying electrical

system(slave are synchronized by applying a signal from field envelopeE(t). In the presence of detuning between
the driving subsystem. Synchronization can be achievethe lasing frequencied wy= wg master @osiave the optical
when all the conditional Lyapunov exponents in the responséeld injected into the slave laser can be described as
systems are negative. In fact, this method is not suited foE(t)exp{Awgt). Thus, a synchronous solution does not exist
synchronization in lasers, which cannot be completely di-at Awy#0. In this case, the optical injection method for
vided into two subsystems. For more practical techniques, gynchronization is not equivalent to the continuous control
continuous control method has been propd88440, where  method.

the difference between two chaotic signhal&XE Xmaster Although there are a few reports about loss of synchroni-
—Xgave IS fed back to a slave system. For the differentialzation via detuning of lasing frequenci€$2,13,15,16 a
signal to be kept to zero under perfect synchronizatiy® ( constant detuning was always assumed in these studies.
=0), all the system parameters have to be identical. Thus, When the master laser is injected into the slave laser for
synchronous solution always exists in such systems. Whesynchronization, injection locking is achieved and the lasing
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frequency of the slave laser is pulled to that of the master - RF spectrum

laser, if natural lasing frequencies of both lasers are within a I;Ti?:ug:m analyzer

certain locking rang@41]. This injection-locking mechanism s 5 L

was not taken into account in previous reports. Since detun- PL /] . )

ing of lasing frequencies can be eliminated as a result of PL ot PD

proper injection locking, a synchronous solution exists in BS AN Optical spectrum

actual laser systems. When the injected master laser is reso- PM LD MCL L %Fc analyzer

nant in the slave laser cavityw maste™ @0 siave» the slowly Slave Laser I

varying envelope component within a certain bandwidth can BS 'T:]f

be regenerated in the slave lag€fy mnastekt) =Eo, siavdt) ]- BS

Therefore, it is not adequate to discuss the chaos synchroni- M M

zation between two chaotic laser systems from the same Temperature | VA=) > wp

viewpoint as electric circuits, since injection locking in the control system A is

laser cavity is a mechanism that is not used in electric cir- PL BH s ——

cuits. PL BS / Eably—Penot scanning| |

. . interferometer

Some experimental studies have revealed that chaos syn- MCL T07M

chronization is achieved when the lasing frequencies are PM LD

locked to each othdi30,33,34,38 Here, “chaos synchroni-

L.
h . D, Oscilloscope
f - ' _ ! ; i PD
zation” in experiments is defined as the reproduction of

identical chaotic wave forms in two separate lasers, includ- G 1. Experimental setup for chaos synchronization in two
ing regeneration of chaos by injection locking. However,Ng:YvO, microchip lasers with pump modulation in master-slave
these references did not mention whether injection Iocking |$ype 1 (MS-1): BS’s, beam splitters; L's, lenses; M's, mirrors; VA,
necessary and/or sufficient for synchronization. Therefore, ifariable attenuator(neutral density filter LD’s, laser diodes;
is important to clarify the physical mechanism of chaos syn-McCL'’s, Nd: YVO, microchip lasers; PL’s, Peltier devices; IS’s, op-
chronization in lasers and the requirement of injection lock-ical isolators; PD’s, photodiodes; FC, fiber coupler; PM’s, pump
ing for synchronization. modulations\/2 WP, \/2 wave plate; F-P, Fabry-Ra &alon.

In this paper, we investigate the physical mechanism of
experimental chaos synchronization in lasers with a master-

slave optical coupling type. We experimentally and numeri R, =99.8%, R,=99.1%) for a lasing wavelength of
cally demonstrate synchronization of chaos in a master-slave 1064 nm. The free spectral range of the laser cavity was
type system with two separate diode-pumped Nd: Y- 79 GHz. Each crystal was pumped by a fiber coupled laser
crochip solid-state lasers, in which chaotic wave forms canyjoqe (Opt Power Co., OPC-A001-809-FC/100\
easily be generated by modulation of pumpjB§] or using  _gng nm) with two focusing lenses. The laser oscillated
frequency-shifted feedback light2—-43. We quantitatively i 1_3 longitudinal modes depending on the pumping

esti.mate the accuracy of chaos synchronization from our ©X%50wer. The temperatures of the microchip crystals and the
perimentally obtained temporal wave forms by use of thg,qer giodes were controlled with thermoelectric coolers
variance of correlation plots between the two laser intensiyesoiytion of 0.01 K for fine tuning of the laser frequencies.
ties. De_gradan(_)n of the accuracy of synghronlzatlon IS INVes- - chaotic outputs in microchip lasers are easily obtained by
tlg_ated in detail when the.paramet_ers in the two Iqsgrs ar odulating the pumpingcalled pump modulatiofi3g]) or
mlsmatch_ed._ We aIsp clarify the d|fferen.t characteristics Oby injecting the frequency-shifted feedback lighalled loss
synchronization of single-mode and multimode lasers. modulation causing beat oscillationst2—45, both on the
This paper is organized as follows. Section Il describes,qer of the sustained relaxation oscillation frequendees
our experimental setup of chaos synchronization and the prgg,,, MHz). During the experiments in this paper, we used

cedure for injection locking. In Sec. Ill, we experimentally ,,mn modulation. The injection current of a laser diode used
demonstrate synchronization of chaos and estimate the rgs, pumping was sinusoidally modulated.

quirements for parameter matching between two lasers t0 aq shown in Fig. 1, a fraction of the master laser output

achieve accurate synchronization. We also discuss the prifyo injected into the slave laser cavity for chaos synchroni-

c_iple_of s_ynchronization. The characteristics of synchroniza a+on Two optical isolatorgElectro-Optics Technology
tion in single-mode and two-mode lasers are compared.

) . : = Iﬂwc., 1845-2 and a\/2 wave plate were used to achieve
Sec. IV, we numerically investigate synchronization of Chaosone-way coupling from the master to the slave lagasia-

in microchip lasers. Our numerical results agree well Withtion of —60 dB). Chaotic temporal wave forms were de-
our experimental results. Finally, we draw conclusions fromtected by photod.iodeéHamamatsu Photonics Inc.. G3476-

Master Laser

our results in Sec. V. 03) and digital oscilloscope&Sony Tektronix, TDS410 The
optical frequencies of the lasers were measured by an optical
Il EXPERIMENTAL SETUP spectrum analyzefAdvantest, Q8381Aand a Fabry-Ret

scanning interferometefTEC-Optics, SA-7.5 with a free
Figure 1 shows our experimental setup for chaos synchrospectral range of 7.5 GHz and a finesse of 250.
nization. We used two Nd:YV@Q microchip crystals(1.1 Achievement of synchronization of chaos is highly depen-
atomic % doped; Fujian Crystals Incwhich were obtained dent on the injection-locking performance of the slave oscil-
from the same crystal rod. Both ends of the 1-mm-long crysiator. The optical frequencies of two individual lasers can be
tals were coated in the same process with dielectric mirrorperfectly matched by injection locking when the frequency
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difference is set within the injection-locking range. The (c)
injection-locking range\ vy, is described by41] (a) Master
Master L
A _ vs  [Pm 2.1) 2 h
S ) | i
AL i Ik

wherews is the optical frequency in the slave laséx, is the E [ Stave | ] g
Q value of the slave laser cavity, am};, ; are the injected §
power from the master and the intracavity power of the slave £ J “l | l “ |
laser, respectively. Therefore, the injection-locking range is ettt VHot ol

dependent on the injection power of the master laser output. ° 3 “’Tim‘:[ i‘]’ % 0 s "’Tim‘:[ i‘]’ %5 30
In our experiments, the injection-locking range was approxi- : g
mately 200 MHz. (b) (d)

The optical frequencies of Nd: YV{microchip lasers can
be tuned linearly as a function of the temperature of the
crystals at 1.6 GHz/K46]. The temperature of the crystal in
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slave laser crystal was changed so that the difference of the2f
two optical frequencies was within the injection-locking

range. The optical frequencies were adjusted from a low
resolution to a high resolution by monitoring the spectra with L L
the optical spectrum analyzéresolution of 30 GHy, the Master Intensity [arb. units] Master Intensity [arb. units]

Fabry-Peot scanning interferometéresolution of 30 MHZ, i _ _
FIG. 2. Experimentally obtained chaotic temporal wave forms

and the radio frequency spectrum anal olution of 1
q Y sp yees gnd correlation plots for the two laser outpu@),(b) without syn-

kHz). Then a frequency beat between the two lasers wa N . o N
obsz)arved on the qradio 3flrequency spectrum analyzer. Whe%hromzatpn gndc),(d) with synchronization in MS-1 with single-
the beat frequency was settled within the injection—lockingrnOde oscillations.

range (-200 MHz) with more accurate temperature con-

trol, the beat frequency disappeared and the two laser fr aser cavity within the injection-locking range described be-

qguencies were perfectly matched. In our experiments, th ; o . :
final temperatures of the microchip crystals were set t ore, the chaotic oscillations were synchronized as shown in

315.00 K and 287.39 K for the master and slave lasers, re-'9: Ac). Th? Iingar cor_relation between _the two Ias.e'r out-
spectively. The output powers of the microchip lasers wer uts shown n F!g. @, in contrast W'th Fig. @), eth.bItS.
set to 0.02 mW and 0.82 m\Wheasured in front of the slave he synchronization. This synchronization can be maintained

laser cavity for the master and slave lasers, respectively. :Cg;(;??rseglfjgr?;:essz?s Locr;?e?/z(;he injection locking of the two

Next, we tried synchronization of chaos with the MS-2

IIl. EXPERIMENTAL RESULTS AND DISCUSSION coupling type. The temporal wave forms in the slave laser
A. Chaos synchronization in single-mode lasers exhibit a sustained relaxation oscillation as shown in Figs.
3(a) and 3b). When injection locking was achieved between

To investigate the operating conditions of the slave lasefhg o |aser frequencies, the chaotic output in the master
for chaos synchronization, we categorized master-slave syfsser was reproduced in the slave lageig. 3(c)]. The cor-
chronization schemes into two typ. A master-slave type re|ation plot of Fig. 8d) shows accurate reproduction of the
| (MS-1) consists of a chaotic master laser and a chaoti¢h,0s as good as that achieved in MS-1 shown in Fig). 2
slave laser with a positive Lyapunov exponent. A master- 4 eyajuate the quantitative accuracy of chaos synchroni-
slave type I1(MS-2) is composed of a chaotic master laseration  the variancer? of the normalized correlation plot

and atnonchaotic slave laser with a negative Lyapunov eXyom g pest-fit linear relation is used, which is defined2d
ponent.

First, we tried to synchronize chaos using MS-1. Both 1 N
lasers oscillated with only one longitudinal mode. The injec- 02=N 2 (Imi—1s)?, (3.2
tion currents of the laser diodes in the two lasers were ad- !
justed so that the sustained relaxation oscillation frequencies
in the two lasers were matchdgd.38 MH2. When pump whereN is the total number of sampling points of the tem-
modulations were applied to both the microchip lasers neaporal wave forms(15000 points and |,; and I4; are the
the sustained relaxation oscillation frequertfr example, a  normalized intensities of the master and slave lasers at the
modulation frequency of 1.34 MHz with a modulation depthith sampling point. A smaller variance?® implies higher
of 18%), individual chaotic pulsations were obtained. Fig- accuracy of chaos synchronization. The variances of the
ures Za) and 2b) show the chaotic temporal wave forms and MS-1 [Fig. 2(d)] and MS-2[Fig. 3(d)] coupling schemes are
the distribution of 5000 data points in a correlation plot be-o?=0.00056 and 0.000 55, respectively, that is, we found
tween the two laser outputs. There is no correlation at althat the variances of MS-1 and MS-2 are very similar. A very
between the chaotic pulsations in the two lasers. When accurate synchronization with an average error of 2% (
fraction of the master laser output was injected into the slave=0.024) was obtained.

Slave Intensity [arb. units]
i

Slave Intel
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(a) (c) range under oscillation frequency detuning. Figur)4

shows the variances of the correlation plot; as a function of
B 1 &t : the beat frequency at two constant injection powers. Low
5 H and constant variances are maintained within the injection-
g g Ml qu locking range. Therefore, again, the synchronization range
& S, Siave | coincides with the injection-locking range.
%. %‘ [Stave ] We also investigated accuracy of synchronization when
57 |5 one of the parameters for chaos generation is mismatched
£ | £ between the two lasers. First, the amplitude or the frequency

AL U s e pianan UL

e o s 30 5 10 15 20 25 30 of_the pump modulatlon in the slave _ laser was sllghtly
Time [us] Time [ us] shifted from that in the master laser. Figure 5 shows vari-
ances as functions of the amplitude and frequency of the
(b) (d) Hon:
pump modulation in the slave laser under weak and strong
injection powers. A modulation amplitude of 10% at the fre-
qguency of 1.34 MHz was maintained for the master ldges
downward arrows in Fig. 5 With weak injection power
) (solid circles, transmittance of a coupling filter of 0.09%
A the variance increases as the modulation amplitude increases.
Ea It is worth noting that matching of the modulation amplitude
& is not required to achieve accurate synchronization. The best
synchronization is achieved without modulation in the slave
laser, which corresponds to the MS-2 coupling type. On the
other hand, a low variance is always maintained with strong
FIG. 3. Experimentally obtained chaotic temporal wave formsinjection power(open circles, transmittance of a coupling
and correlation p|ots for the two laser outpl('a):,(b) without syn- filter of 100(%) even if the modulation amplitude increases.
chronization andc),(d) with synchronization in MS-Znonchaotic =~ These results imply that intense injection of the master laser
slave laserwith single-mode oscillations. can suppress the original dynamics in the slave laser, and the
accuracy of synchronization is independent of the mismatch
of the pump modulation between the master and slave lasers.
With weak injection power, accurate synchronization can be
We quantitatively investigated the characteristics of chaosealized only when the pump modulation is weak enough in
synchronization performance when various laser parametethe slave laser to allow the injected master laser oscillation to
are changed in the two lasers. First, we evaluated the syrsuppress the slave laser chaos. Therefore, generation of
chronization performance when the injection-locking perfor-chaos in the slave laser is undesirable.
mance was slightly altered. In the following description, the Figure §b) shows that the variance increases at modula-
injection-locking performance was separately examined untion frequencies less than 1 MHz for weak injection power,
der nonchaotic conditions without the pump modulation.because the synchronized temporal wave forms periodically
Figure 4a) shows the variances of the correlation plots as achange at a low frequency corresponding to the pump modu-
function of injected power from the master to the slave la-ation of the slave laser. This is a unique feature observed
sers. The injection power was altered with a variable attenuenly for pump modulation. With strong injection locking, the
ator (a neutral density filtgr We found that accuracy of syn- variance is kept low. Therefore, perfect matching in pump
chronization is always quite high at any injection powermodulation frequency is not required if the injection power is
higher than the threshold. Above the threshold, relativelyhigh enough.
constant variances are maintained as the injection power in- According to the results of Fig. 5, we speculate that the
creases. Therefore, the synchronization range coincides witbrinciple of synchronization of chaos in lasers is based on
the injection-locking range. These results are different fronregeneration of the chaotic master laser in the slave cavity
that in laser diode$5,14,29, where an optimum coupling through injection locking. When the master chaos can sup-
coefficient exists to achieve accurate synchronization. Weress the original chaos in the slave laser, a duplicated cha-
speculate that the difference comes from stability of theotic oscillation is obtained from the slave laser. The original
injection-locking performance. Injection locking in laser di- chaos in the slave laser only disturbs the perfect regeneration
odes itself induces a variety of nonlinear dynamics such asf the master chaos in the slave cavity. If the injected master
chaos, period-doubling bifurcation, and multiwave mixinglaser power is strong enough, accurate synchronization is
[47], due to the existence of the linewidth enhancement facmaintained even when the modulation parameters are signifi-
tor (a parameter in diodes, whereas injection locking in cantly mismatched, because only the locking of optical fre-
microchip lasers is always stable if the injection-locking quencies is required. Since the best synchronization perfor-
bandwidth is much larger than the sustained relaxation oscilmance is always obtained when the pump modulation is not
lation frequencies{a few MHz) [48]. applied to the slave las€MS-2), parameter matching is not
Next, the temperature of the slave crystals was slightlyrequired for synchronization of laser chaos, in contrast to the
shifted from the perfect injection-locking point, which case in electrical circuitg2].
causes detuning. A beat oscillation was observed on the To confirm our interpretation, we experimentally investi-
spectrum analyzer. We investigated the synchronizatiogated the performance of chaos synchronization for various

o
(=4

[ e

Slave Intensity [arb. units]
Slave Intensity [arb. units]
t

Master Intensity [arb. units] Master Intensity [arb. units]

B. Quantitative characterization of chaos synchronization
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FIG. 5. Variances as functions @& amplitude and(b) fre-

. . quency of the pump modulation in the slave laser. Solid circles,
injected power andb) beat frequency between the two optical fre- . S L
A o S transmittance of a coupling filter of 0.098&eak injection power
guencies(a) Crosses, MS-1; circles, MS-) Solid circles, trans- . . . .
. o ' . . open circles, transmittance of a coupling filter of 10@%trong
mittance of a coupling filter of 27%; open circles, transmittance of. .~ . LS
- ! o S . injection powe). The downward arrows indicate parameter match-
a coupling filter of 100%. The arrows indicate injection-locking .
range ing between the master and slave lasers.

FIG. 4. Variances of the correlation plots as functions(a®f

parameter mismatch conditions using loss modulation. Wélowever, in terms of the level of accuracy, the variance
used frequency-shifted feedback light generated by two sesbtained with no loss modulation is still lower. With strong
ries of acousto-optic modulatofOM’s), so that the beat injection power(open circley, the variance is kept low.
frequency of the two modulators appears in feedback light, Next, we changed the pumping power of the two lasers.
instead of the conventional method with a rotating papemwe set a strong injection powsdtransmittance of 100%
sheet[42-45. With this setup, the modulation frequency with the configuration of MS-1. Figure 7 shows variances as
and amplitude can be controlled electrically with a high resofynctions of pumping power ofa) the master andb) the
lution of 0.1 kHz. Figure 6 shows variances as functions ofgjqye |asers under strong injection power. The number of
amplitude and frequency of the loss modulation in the Sla"%ngitudinal modes increases as the pumping power is in-
Ia_ser under different injection powers. The modulation am- aased as shown in Fig. 7. The laser in which we do not
plitude (the ‘?m"“”t OT frequency-shifted fgedback '99"‘?""3 . change the pumping power was set to oscillate with a single
changed with a variable attenuator. With weak Inject'onmode(the arrows in the figureslt is found that the variance

power (solid circles, transmittance of injection power of . S
0.27% in Fig. 6(a), the variance increases as the modulation’ maintained at a constant level as long as both the lasers
) ’ ' scillate with a single mode. Around the oscillation threshold

amplitude increases. The modulation amplitude does no . . : .
need to be matched in the two lasers, as we thought. Wit <1.1), the variance increases simply because there is less
strong injection powefopen circles, transmittance of injec- AS€r POWer. From these results, it is clear that the pumping
tion power of 1009 the variance is always kept low. In Fig. Power and the relaxation oscillation frequencigsopor-

6(b), we used the two levels of feedback light power for losstional to the square root of the pumping pojveo not need
modulation[the ratios of the injection power to the feedback t0 be matched between the two lasers for accurate synchro-
light power are 1:Gsolid circle3 and 1:0.4(solid triangleg].  Nhization. It is important to match the number of longitudinal
With strong feedback light for loss modulatiofsolid ~ modes for synchronization, since one of the longitudinal
circles, the effect of loss modulation is enhanced and thenodes cannot be locked between a single-mode and a two-
variance dramatically decreases at the matched modulationode laser. Therefore, achieving injection locking is more
frequency of 1.34 MHz. Thus, there is clear evidence of amportant for accurate synchronization than matching the
parameter matching region for accurate synchronizationmodulation parameters and the pumping power.
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Loss modulation frequency [MHz] master andb) the slave lasers under strong injection po\teans-

mittance of a coupling filter of 100%The downward arrows indi-

FIG. 6. Variances as functions ¢f) amplitude and(b) fre- .
o A .cate parameter matching between the master and slave lasers.
quency of loss modulation in the slave laser. Solid circles and tri-

angles, transmittance of a coupling filter of 0.27%eak injection

powep; open circles, transmittance of a coupling filter of 100%

(strong injection power The ratios of the injection power to the chronization of chaos is achieved as shown in Fig).&.in-

feedback light power are 1:6solid circleg and 1:0.4(solid tri-  ear correlation exhibiting highly accurate synchronization is

angles. The downward arrows indicate parameter matching begptained as shown in Fig.(®, where the variance ig2

tween the master and slave lasers. =0.00029 and the average intensity error is 1.7% (
=0.017). Accurate synchronization is achieved in both
MS-1 and MS-2 in two-mode lasers, and maintained for over

C. Chaos synchronization in two-mode lasers tens of hours as in single-mode lasers.

For single-mode lasers, it is relatively easy to reproduce Synchronization in multimode lasers requires locking all
the chaotic wave forms of the master lasers by using unauhe corresponding longitudinal modes to each other between
thorized lasers without knowing the parameter values of théwo lasers. When the temperature of the laser crystal is
master laser because the accuracy of synchronization is ithanged, the beat frequencies of the first and second modes
dependent of the parameter mismatch between two laseesse changed. Figure 9 shows the variances as a function of
under strong injection power. This is an issue when synchrotemperature of the microchip crystal in the slave laser. The
nization of chaos is applied to secure communications. Hererrows in this figure correspond to the injection-locking
we tried to investigate synchronization of chaos in two-ranges for the first and second modes. When the frequency
longitudinal-mode microchip lasers. Pump modulati88  locking between one of the two modes is destroyed, the vari-
MHz, 8%) were applied to the master and slave lasersance increases dramatically. Both modes should be locked
(MS-1) to generate chaos around the sustained relaxation o$ar synchronization. In our experiments, the difference of the
cillation frequencies f(;=4.20 MHz, f,=1.84 MHz). free spectral rang€&’9 GH2 of the cavity between the mas-
Figures 8 and 8b) show individual chaotic wave forms ter and slave lasers is only 0.05—0.20 Gldepending on the
and a correlation plot without injection locking. The shape oftemperature of the crystajdecause the two microchip crys-
the chaotic oscillations is a continuous wavelike behaviortals were obtained from the same crystal rod and were fab-
which is different from the pulselike behavior in single-modericated in the same process. Therefore, injection locking of
lasers shown in Fig. 2, because at least one of the longitudboth modes can be achieved in these crysiajection lock-
nal modes always oscillates as a result of spatial hole burring range of~0.2 GHz). However, it is difficult to synchro-
ing of the population inversion in multimode lasers. Whennize chaos between two multimode lasers that have greatly
injection locking is achieved between the two lasers, syndifferent free spectral ranges. Therefore, the condition for
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£ Er ) ] forms in multimode lasers are suitable for applications in
s ek T st A 3 secure communications.
8 7R Bl We summarize the influence of parameter mismatch on

Master Intensity [arb. units] Master Intensity [arb. units] accuracy of synchronization under strong injection power in
Table I. The most important effect for synchronization of
laser chaos is injection locking, which is the matching of
optical frequencies {10 Hz) between the master and
slave lasers. On the other hand, the slow envelope compo-
nents such as the modulation frequency and the relaxation
oscillation frequency £ 10° Hz) do not need to be matched
AT : . nder strong injection power, because the slow component in
synchronization in multimode lasers is more severe than the%LLe clave laser is . o
pulled into that of the master laser by in

in single-mode lasers. S . o
For two-mode lasers, accuracy of synchronization doeéectlon locking. Therefore, we conclude that the principle of

not depend on the mismatch of the modulation parameter nchronization of chao; in lasers of the_ master-slave type is
and the pumping power between the two lasers. However, %ésed on the r(.agene.ra_tlon. of the f:haotlc master laser in the
is important to match the power spectrum ratio of two Ion—SIaVe laser cavity by injection locking.

gitudinal modes between the master and slave lasers for
more accurate synchronization. Figure 10 shows optical
spectra of the master and slave laser outputs after synchro- A. Model

nization with two-mode oscillations, and the corresponding To confirm our experimental results, we numerically

_correlatlon plots. The power ratio of the Iong_|tud|nal mOdeSsoIved the dynamical model of two Nd:YVi@nicrochip la-
in the slave laser can be changed by controlling the tempera- . . . . .
sers with pump modulation, which are optically coupled in

ture of the r_n|crgch|p prystal of the slave Iaser.. AccurateMS_ll We used scaled Tang-Statz-deMars equations includ-
synchronization is achieved when the power ratio betweePn spatial hole burning effec!3,45,49. The rate equa-
the first mode and the second mode in the slave laser aprd >F 9 U d

proaches that of the master laser. Figure 11 shows charactlglr(-)nS under single-longitudinal-mode operation are as fol-

istics of the variance as a function of the power spectrum
ratio of the second mode to the first mode of the slave laser dno m

after synchronization. The arrow in the figure corresponds to dt’ =Wo ol L+Wp ncog2mrf, ft+®p)]

the ratio of the second mode to the first mode of the master

laser. This result implies that the amplification ratio of the Nim| _»

first and second modes of the master laser should be the _nO,m_<n0,m_ 7) Emn (4.1
same in the slave cavity. The best resonant conditions of the
first and second modes of the master laser are slightly differ-
ent from those of the slave laser, if there is a difference in the

FIG. 8. Experimentally obtained chaotic temporal wave forms
and correlation plots for the two laser outpuga),(b) without syn-
chronization and(c),(d) with synchronization in MS-1 with two-
longitudinal-mode oscillations.

IV. NUMERICAL CALCULATIONS

o dn
free spectral ranges of the master and slave laser cavities. di'm: —Nymt+ (N m— Ny E, (4.2
Thus, accurate synchronization in multimode lasers requires
some parameter setting. This is a more severe condition to
imitate the original chaos with other unauthorized lasers than
that in single-mode laser systems. Therefore, chaotic wave dEm_ ﬁ Mm|
it - 2 No,m 5 1En, 4.3
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whereny andn; are the space averaged and the first Fourier
component of the population inversion density with spatial
hole burning normalized by the threshold value, respectively.
E is the normalized amplitude of the lasing electrical field.
Augm is the phase difference between the master and the
slave lasing field. The subscripts m, s indicate the master and
slave laserswy is the optical pump parameter scaled to the
laser thresholdK = 7/ 7,, wherer is the upper state lifetime
and 7, is the photon lifetime in the laser cavithv is the
lasing frequency differenc&etuning between the two la-
sers.a is the coupling strength from the master to the slave
laser.w, and f, are the pump modulation amplitude and
frequency, respectively® is the initial phase of pump
modulation. Time is scaled by. We used the fourth-order
Runge-Kutta method to calculate these equations.

Injection locking is required to match the optical frequen-
cies between two lasers. The injection-locking range is de-
fined from Eq.(4.7) as follows[41]:

A = K S Em, average
Vlock™=

i (4.8
47T Eg average

The injection-locking range is proportional to the coupling

strength.

B. Numerical results

During the calculation, we set the parameter values of a
Nd:YVO, microchip laser as follows: lasing wavelength of
1.064 um, cavity length of 1.0 mm, refractive index of 1.9,
and reflectivities of the cavity mirrors of 99.8% and 99.1% at
1.064 um. From these values, the photon lifetime in the
laser cavity is calculated tg,=1.15 ns. The fluorescent de-
cay time of the upper laser level was setrte 88 us; thus
K=7/7,=7.67X 10*. When the optical pumping parameter
W is set at 1.7, the corresponding relaxation oscillation fre-
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TABLE I. Influence of parameter mismatch on accuracy of synchronization under strong injection power
(transmittance of a coupling filter of 100%®ouble circles: need to be matched for accurate synchronization;
circles: need to be matched for synchronization; crosses: no need to be matched.

1-mode 2-mode

optical frequency

@ need to be matched
(injection locking) for accurate

synchronization

O need to be matched
for synchronization

mode power ratio

number of modes

pumping power

relaxation oscillation

>< no need to be
frequency matched

injection power

pump modulation
frequency
pump modulation
amplitude

X|X|X|X|X|OIX|©®
X| XX |X|XIO®O

quency is 0.42 MHz. To generate chaotic oscillation in azation. We set slightly different parameters in the slave laser
pump modulation system, we set the pump modulation amfrom those in the master laser, such as the pump modulation
plitude atw,=0.40, the pump modulation frequency it ~ amplitudew,, the pump modulation frequendy,, and the
=0.35 MHz, and the initial phase of modulation &t pumping power wg. Here, we defined Aw,
=d=0. =Wpo/Wpm, Afp=Ff,o/fpm, and Awg=(wos—1)/(Wom
Figure 12 shows temporal wave forms and their correla—1). The parameters in the master laser are fixed gt
tion plots for coupling strengths af=0.03% and 0.3% in
MS-1 type. Here, we sekv=0. As shown in Fig. 12, mi- (@) ' . (c) . .
crochip lasers with pump modulation exhibit chaotic pulse | [ Master || I
oscillations. Synchronization is not achieved at the weak'g | 1
coupling strength otvr=0.03%. When the coupling strength § ‘ ‘
HJI llhl\ ||
| Slave };

is increased, synchronization is achieved at the moderatig |
coupling strength otv=0.3%.
In order to evaluate the accuracy of synchronization, we:
used the variance of the correlation plots defined by Eq.
(3.1). Figure 13 shows the variances at chaos synchroniza E 1
tion between two lasers as a function of coupling strergth
in the presence of detunings between two laser frequencies ¢
Av=1 MHz (circles, 3 MHz (triangles, and 5 MHz(in-
verse trianglesfor (a) MS-1 and(b) MS-2 (w,=0). The
downward arrows in Fig. 13 indicate the threshold coupling
strengths for the injection-locking rang& v, obtained
from Eq. (4.8). We set all the parameters identical between
the two lasers except the detuning of the lasing frequencies @
When the optical coupling strength is increased over the.g
threshold of injection locking, the optical frequencies are g
locked to each other and synchronization of chaos is &§ %
achieved for both the coupling types. A clear threshold is @ ** : PR e
observed and almost constant variance is maintained at cou- Master Intensity [arb. units] - Master Intensity [arb. units]

pling strengths higher than the threshold for both the cou- g 12, Numerically obtained temporal wave forms and their
pling types. These results agree well with our experimentagorrelation plots for the coupling strength=0.03% and 0.3% in
results shown in Fig. @). MS-1 type with pump modulation at,=0.40 andf,=0.35 MHz.

To C|al’ify the condition to achieve chaos SynChroniZationThe parameters are identical for the two |aséa$(b) Synchroni_
under the parameter mismatch between two lasers, we exaration is not achieved at weak coupling strength 0.03%.(c),(d)
ine the tolerance of the deviation of laser parameters in th@ynchronization is achieved at moderate coupling strength
two lasers from perfectly identical conditions for synchroni- =0.3%.
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FIG. 13. Variances at chaos synchronization between two iden- o~ 15 -10
tical lasers as a function of the coupling strengtln the presence ©
of detuning between two laser frequencies av=1 MHz § 1.0 40
(circles, 3 MHz (triangles, and 5 MHz(inverse trianglesfor (a) 8
MS-1 and(b) MS-2 (w,=0). The downward arrows indicate the 3
thresholds of coupling strength for injection-locking range,q . 0.5 107

0 05 1 A1.5 2 25 3
w
=0.40, f, ,»=0.35 MHz, andv, = 1.7, and the parameters 0

in the slave laser are changed. FIG. 14. Variances as functions of the parameter deviations of
Figure 14 shows the variances as functions of parametg®) pump modulation amplitudéw,,, (b) pump modulation fre-

deviations of(a) the pump modulation amplitudéw,, (b) quencyAf,, and(c) pumping powerAw, for two constant cou-

the pump modulation frequencyf,, and(c) the pumping pling strengthg(solid circles,a=8%; open circlespr=100%) at

powerAw, for two constant coupling strengtksolid circles,  constant detuning ci»=3 MHz in MS-1. The downward arrows

a=8%:; open circlesg=100%) at a constant detuning of indicate parameter matching between the master and slave lasers.

Av=3 MHz. WhenAw, is increased at a weak coupling

strength of 8%, the variance increases. The best accuracy is

achieved at zero modulation amplitude, which corresponds

to MS-2 type. In Fig. 14b), the variance increases aff;  coupling strength of 100%, synchronization is achieved in a
=0.5 for a coupling strength of 8%, where the average amyjide parameter region. The tolerable region of parameter
plitude of the synchronized temporal wave forms in the slavenismatch for synchronization is broad because of the strong
laser changes periodically in the slowly modulated slave lainjection-locking effect. These results also agree well with
ser, as described before. At a strong coupling strength ofose in Fig. T). Therefore, we have reconfirmed that the

100% in Figs. 148) and 14b), the variance is always smaller |aser parameters do not need to be matched to achieve accu-
than those atr=8% and stays constant. These results agregate synchronization.

well with those in Figs. &) and 3h).

In Fig. 14(c), when Aw,, is increased, the variance in-
creases dramatically for a weak coupling strength of 8%,
where injection locking cannot be achieved from K4.8) We demonstrated experimentally and numerically the
becauseE 4 eragdNCreases adw is increased. For a strong synchronization of chaos in two separate Nd:Y,/@icro-

V. CONCLUSIONS
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chip lasers with master-slave coupling schemes, and quantinode lasers, chaos synchronization requires locking all the
tatively investigated characteristics of the accuracy of syneorresponding longitudinal modes to each other between the
chronization in chaotic lasers under parameter mismatcheswvo lasers. The power spectrum ratio of longitudinal modes
Accurate synchronization of chaos in microchip lasers reproneeds to be matched for accurate synchronization, which is a
ducing a master chaos in the slave laser with an averagmore severe condition for imitating the original chaos with
intensity error of 2% can be maintained for over tens ofunauthorized laser cavities.

hours. We conclude that the principle of chaos synchroniza-
tion in lasers is based on the regeneration of the envelope of
the chaotic master laser in the slave cavity through the
mechanism of injection locking. The condition to achieve We gratefully acknowledge R. Roy, J. M. Liu, A. Gavri-
accurate synchronization of chaos is almost equivalent to thelides, V. Kovanis, K. A. Shore, S. Sivaprakasam, L. Larger,
injection-locking range. Modulation in the slave laser re-G. D. VanWiggeren, K. Otsuka, T. Taira, J. Ohtsubo, P.
duces the accuracy of the synchronization at weak injectio®avis, Y. Liu, |. Fischer, A. Murakami, Y. Takiguchi, H.
levels, whereas the accuracy of synchronization is alway&ujino, F. Kuwashima, and H. Ilwasawa for helpful discus-
maintained at strong injection levels even when the paramsions. This work was supported by the Foundation “Hattori-
eter mismatch between the two lasers is changed. In twad-lokokai.”
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