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The effect of high-density pumping on lasing mode spectra is investigated in a laser-diode pumped micro-
chip LiNdP,O;, (LNP) laser. Breakup of multimode oscillations, leading to single-mode oscillations, is ob-
served experimentally. It is shown analytically that the enhanced Auger recombination process among excited
Nd ion pairs results in a strong deformation of spatial hole-burning patterns, leading to a destabilization of the
multimode laser output via a quadratic-to-quartic transition of the spatial distribution of population inversion.
The destabilization threshold is shown to be given by a universal relation which reproduces experimental
results quite well. A mode-partition instability is observed above the transition, whose properties are intimately
related to the antiphase dynamifS1050-2947®7)03610-X]

PACS numbdrs): 42.50—p, 42.55.Rz

I. INTRODUCTION density pumping such as Nd:YVO, Nd:LSB, Cr:LiSAF, etc.
Particularly, Nd stoichiometrie.g., direct compoundasers
The spatial hole-burning effect of population inversion such as NdED;, [13], LiINdP,O;, [14], NdAl3(BO3)O, [15],
resulting from lasing standing-wave patterns in Fabry-Peroand Nd:CeGJ[16] developed in the early 70’s in which the
laser resonators was introduced by Tang, Statz, and deMaggd ion concentration is 30 times higher than in conventional
(TSD) in the early 60's[1]. It is the fundamental physical mjcrochip lasers, are promising candidates for investigating
process which allows multimode oscillations in homoge-the effect of Auger recombination process on spatial hole-
neously broadened solid-state lasers. This is due to the S'°lﬁbrning and multimode oscillations.
spatial diffusion of population inversions in solid-state laser |, this paper, the effect of high-density pumping on spa-

crystals such as YAG. TSD expanded the distribution Ofya) hoje_hurning is investigated experimentally and theoreti-

population inversion into spatial Fourier components and de(':ally. In Sec. Il, experimental results concerning the effect of

fived the so-called TSD equations by retaining only thehigh-density pumping on lasing mode spectra are shown by
space average and Fourier components varying at optical

) . using a laser-diode pumped microchip LNP laser. It is shown
wave number§l]. The relation between lasing mode numberthat the breakup of multimode oscillations. leading to sinale-
and pump rate was deduced from the TSD equatjdr3 up utt ations, Ing N9

and was verified experimentally in various solid-state Iaseré“Ode oscillation, takes placg above a critical pump den;ity
including Nd:YAG laserg3]. threshold. In Sec. lll, analytical results on the high-density

The recent rapid progress of high-power laser-diodd®Umping effect are described and it is shown that the Auger
pumped microchip lasers has driven a renaissance of solidecombination process inhibits the multimode regime in fa-
state laser physics research and led to novel phenomenr of the single mode regime. A simple criterion is derived
such as winner-takes-all dynamics and antiphase periodi®r the critical pump power at which the multimode opera-
stateg4,5], antiphase dynamid$—8], dynamical nonrecip- tion becomes unstable. These theoretical results are shown to
rocal independend®], and universal power spectra relation reproduce experimental results quite well. In Sec. IV, an in-
in multimode laser$10,11. One of the most peculiar fea- Stability associated with the deformation of the spatial distri-
tures inherent in high-power laser-diode pumped miniaturdution of population inversion is demonstrated experimen-
microchip solid-state lasers is the Auger recombination protally.
cess among excited ions, which is expected in microchip
lasers with high-density pumpirid2]. In the Auger process,
two excited electrons in théF 5, level interact due to ex- Il. EXPERIMENTAL RESULTS
cited state absorption: one electron makes a transition to the
lower laser level®l,;,, emitting a 1.05um photon, while
another electron is excited to the higher energy I, . Experiments were carried out by using a laser digd®)-

The Auger coefficient is proportional to excited ion densitypumped LNP laser. An experimental setup of an LD-pumped
N, and a strong Auger effect is expected in state-of-art highmicrochip LNP laser is depicted in Fig. 1. The LNP crystal
power laser-diode-pumped microchip lasers with high-was 1-mm thick and dielectric mirrors were coated on both

A. Input-output characteristics
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FIG. 1. Experimental apparatus of a laser-diode pumped LNP = 9 I
laser. 100 200 300 400 500 600 700

_ absorbed LD pump power (mW)
ends of the crystal. The output coupling was 1% at 1048 nm

A collimated lasing beam from the laser diode oscillating at — 100(
Ap=2808 nm was passed through anamorphic prism pairs tc 35 "
transform an elliptical beam into a circular beam and was = 80~
focused onto the LNP crystal by a microscope objective lens g 31 2k
(M 40x). By changing the distance between the lens and the o 6or 4
LNP crystal, the pump beam spot size was controlled. A (®) 5 Nya
linearly-polarized TEN, mode oscillation along the pseu- & 40 g | We
doorthorohmbidy axis was observed. 3 20 |

Input-output characteristics measured for different pump ; 1
spot sizes are shown in Fig. 2. Here, the effective pumg g 1 ! ! ! I i
beam spot sizev, averaged over the absorption lendth 100 200 300 400 500 600 700
=1/a,=100pum (ap=100 cm?! is the absorption coeffi- absorbed LD pump power (mW)
cient of LNP at\ ;=808 nm) was estimated to be 50m (a),
40 um (b), and 25um (c) from the pumped cross section, —_ 100(
respectively. Such a short absorption length implies that the B
population inversion is strongly localized at the input mirror E sot
region inside the laser resonator. The number of oscillating §
modes is added in the figures. The oscillating beam spot siz 2 6o 1
was estimated to b&,=150 um and the slope efficiency is () =
found to increase as the pump spot sizgis decreased. i 40

In the case of Fig. @), we find from the measured thresh- 3 20 -
old pump power thaN./Ng=N/Ng=0.028, whereNy, is &
the threshold Nd density for lasindy, is the excited Nd ) ! i ! | |
density, and\, is the Nd concentration in LNP crystdi$4]. 100 200 300 400 500 600 700
In this case, usual input-output characteristics, in which the absorbed LD pump power (mW)

number of oscillating modes increases with the pump powe!

[1-3], are obtained. When the pump power density is in- o o

creased by decreasing the pump beam spot size, unusual FIG._2. Input-Ol_Jtput characteristics and number of oscillating

input-output characteristics are observed as shown in Fignodes in a laser-diode-pumped LNP laser for different pump den-

2(b). In the case of Fig. ®), No/Ny=0.046 and the breakup €S-

of ”"”'“rT‘OG.'e oscillation is found to_occur av= P/Pt  mode oscillation in ISHG enables us to avoid instabilities

=Ww.=2 indicated by an arrow, at which a number of modesg 4 “«green problem) resulting from ISHG in multimode

begins to decrease, leading to single-mode oscillation, Wherl%sers[lS].

P is the pump power an@y, is the threshold pump power.

As the pump power density is increased further as in Fig.

2(c), spontaneous single-mode oscillation is observed in the

entire pumping domain. In the case of FigcR the ex- In the case of multimode class-B lasers with spatial hole

tremely high-density pumping df,/Ny=0.1 is attained. In burning, in which polarization lifetime is much shorter than

fact, in LNP crystals, each Nd ion has eight nearest-neighbdihe population inversion lifetime, it has been established

Nd ions[17]. Therefore, in the case of Fig(@, an excited from intensive theoretical and experimental studies that the

ion will, on average, begin to see one excited ion among it¢otal output features damped relaxation oscillations at a

nearest neighbors, assumiNg=4.37x 10°* cm 3 [14]. unique frequency,=(1/27) (w—1)/77, (,: photon life-
Observed spontaneous single-mode oscillations are vetyme), while each mode exhibitdl relaxation oscillations,

attractive from the view point of practical applications. In namely,f;>f,>--->fy, whereN is the number of lasing

particular, single-mode oscillations in a 1-mm-thick LNP la- modes[6—8]. The so-called McCumber frequenty corre-

ser ensures laser-diode pumped single-frequency intracavigponds to the relaxation oscillation frequency in a single

second-harmonic generation§lISHG) by attaching a mode laser derived from the simple linear stability analysis

frequency-doubling crystal to the LNP crystal. The single-of a single-mode laser. In other terms, individual modes are

B. Antiphase relaxation oscillations
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der of magnitude larger than the value determined by the
cavity lengthL, which givesAN =A?%/2nL=0.34 nm. On the
contrary, above the critical pump., the 1048 nm mode
stops lasing at first as the pump power is increased, the
1047.6 nm mode is turned off next, and then the 1055 nm
mode is turned off, and finally single-mode oscillation at
1060 nm survives. Similar multiple-transition oscillations
featuring “cross mode’(see Fig. 1(c) of [19]) was reported

in Ar laser pumped LNP lasers reflecting the decrease in
reabsorption loss in unpumped region of the LNP crystal,
L,(1.048)>L,,(1.055>L,,(1.060)[19]. Each of these tran-
sitions supports the lasing of many longitudinal modes sepa-
rated byA\. In the present case, due to the strong localiza-
tion of the population inversion near the input mirror, nearby
modes separated ky\ are strongly quenched as a result of
the mode competition through the strong cross saturation
[20]. Generic antiphase relaxation oscillation property was
observed both below and above the critical pump. From
these observations, it is concluded that antiphase dynamics
inherent in multimode lasers with spatial hole burning holds
even in the case of multiple-transition oscillations by high-
density pumping.

C. Ar laser and Kr laser pumping

Experimental results described so far strongly implies that
high-density pumping results in unusual input-output charac-
e TR teristics. To verify this idea more precisely, we employed
0 3MHs 0 3MHz other pump sources with different absorption coefficierss
instead of the laser diode, to change pump power density

FIG. 3. Power spectra for modal and total outputs in the freeJ0re drastically. For this purpose, an Ar lasek,
running LNP laser corresponding to Fig(b2 (a) Two-mode re- =95145 A, ap=23cm?) or a Kr laser(\,=7993 A, «,
gime, (b) three-mode regime, an@) four-mode regime. Left-hand =250 cni'?) served as a pump. The absorption lengths
figures indicate power spectra of the first-lasing mode and right= agl were 435um for 5145 A and 40um for 7993 A,
hand figures indicate power spectra for the total output. For the totalespectively.
output, input power to rf spectrum analyzer was attenuateet by In the case of Ar laser pumping, in which absorption
dB. vertical scale: 10 dB/div. horizontal scale: 300 kHz/div. length is much longer than LD pumping, usual multimode

oscillation characteristics such as in Figa2were observed
self-organized to exhibit antiphase dynamics such that lovfor various pump beam spot sizes. For Kr laser pumping, in
frequency relaxation oscillations are strongly suppressed iwhich the pump wavelength matches with the absorption
the total output. peak of LNP crystal$21], spontaneous single-mode oscilla-

In the present experiment, such self-organized nature coriions were observed in entire pump regimes.
cerning antiphase relaxation oscillations was confirmed in
multimode oscillation regimes independently of the pump Ill. THEORETICAL RESULTS
power density. Examples are shown in Fig. 3, where mea-
surements were carried out in multimode regimes below the
critical pumpw, in Fig. 2(b). The left-hand photographs cor-  The favored single-mode oscillations in high pump den-
respond to power spectra for the first lasing mode at thaity regimede.g., Figs. &) and Zc)], strongly suggest that
wavelength N, ;=1047.6 nm, which corresponds to the spatial hole burning patterns tend to be smeared out as the
4F3(1)—%41141) transition, and the right-hand photo- pump power density is increased. A first source of smoothing
graphs correspond to power spectra for the total output. It i®f spatial hole burning pattern is resonant transfer, i.e., reab-
apparent that relaxation oscillation peaks are strongly supsorption procesg21], as shown in Fig. @&). Since the relax-
pressed in the total output, except at the McCumber freation energy is transferred in full to one of the neighbor
guencyf, which are driven by “white” noise. We shall refer nonexcitedons, all fluorescence transitions can contribute to
to this property later on in this paper as generic antiphaseesonance transfer. This is effective since the overlapping
property. In Fig. 3, the second lasing mode appears via theetween emission and absorption lines is perfect. Especially,
“Fy(1)—*11A2) transition at\;,=1055nm, the third the *lg;(1)—*F3(1) transition from the ground state is the
lasing mode appears via th& 3,(1)—*1,1,(3) transition at  most effective in resonance transfer for LNP crystals. Based
\|3=1060 nm, and the fourth lasing mode appears\gt  on the spectroscopic data of LNP1], the transfer probabil-
=1048 nm which belongs to th&F3,(1)—*l,1(1) transi- ity of excitation energy to one of the neighbor ions via the
tion. Note that the longitudinal mode spacing is an or-“lg,—*F3, reabsorption process is estimated to g

A. Smoothing effects of spatial hole-burning pattern
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26l 40,NW<[1+5s(2)]? ands(z) = s;sirk,z, wherek; ands;
pump are, respectively, the wave number and the photon density of

g ' s the first lasing mode, Eq2) is approximated by
4Py,

w Qw?
3 3 -
2 2| —4‘hp n(z) 1+s;sirfkz  [1+s;sirtkz]®’ ©

[

— - e
, ? where we have also assumed=(1/ p)fi)Pw(z)dz. In
forz NdP;O,, lasers, for exampleQ,= 1.8 when the excited Nd
ion densityN, is 50% of the total Nd ion concentratidxy
(@) ®) [12]. Equation(3) expresses the population inversion distri-
bution when only the first lasing mode is oscillating.

FIG. 4. Models of(a) fluorescence reabsorption process énd If Q, is sufficiently small, the functiom(z) has two
Auger recombination process in LNP lasers. Here, 1 indicates thenaxima and two minima in a periodstkz<2. If Q, is
transition between the ground state and the excited state at 870 nmufficiently large, the functiom(z) has four maxima and
2 corresponds to the lasing transition at 1048 nm|fand corre-  four minima in each period. At the transition between these
sponding excited state absorption flor3 corresponds to the lasing two domains, two extrema afi(z) coincide which means
t_ransition at 1320 nm fot and corresponding excited state absorp-that n(z) has quartic instead of quadratic extrema. Expand-
tion for 1. ing n(z) around its Maximum(z) = N(Zma) +(Z— Zma) N’

+---, the quadratic-to-quarti@Q2Q) transition is character-
=1.2x10° s7%, which yields the diffusion distancgW,7  jzed byn”=0. Solving this equation for the critical pump at
=800 A in LNP crystals, wherd=6 A is the mean separa- which this transition occurs yields the relation
tion between Nd ions and=120 us. Since this is much
shorter than a quarter-wave length, spatial hole-burning pat- 1
tern is not sufficiently smeared out by this energy migration We==5—.
process in LNP crystals. 3Q2

The second possible mechanism is Auger recombination
process depicted in Fig.(d), in which two excitedNd ions  This simpleuniversal relationimplies thatthe transition oc-
interact and the pair annihilation takes place through excitedurs independently of the first lasing mode intensityasd
state absorption via théF;,—2Glg, transition in LNP that the critical pump is determined only by the Auger pa-
crystals. Since this process occurs in proportiorNﬁo the rameter
enhanced deformation of spatial hole-burning pattern is ex- A numerical example based on E@) is given in Fig. 5.
pected in high pump density regimes. In the following, theHere,Q,=0.1, 0.17 and 0.36 are assumed, where these val-
effect of Auger recombination process on spatial hole burnues correspond to the estimat€d values for Figs. @),

4

ing pattern is analyzed theoretically. 2(b), and Zc), respectively. For moderate values®@j, as in
Fig. 5a), the quadratic-to-quartic transition is not reached

B. Quadratic-to-quartic transition of spatial hole-burning for reasonable values of the pump rate. For laiQgr the

pattern transition is reached for finite pumpingv.=2 for Q,

. L : .. =0.17) and th lation inversion distribution is strongl
The rate equation for the population inversion density 0.17) and the populatio ersion distribution is strongly

) . P o deformed abovew, as shown in Fig. &). The w.-value
N(2) including Auger recombination process is given by agrees with the analytic result obtained from Ef.as well

dN(2) [140,N(2)]N(2) as with Fhe observed value in Fig(tf;. ansequently, the
——=P(2)— B.N(2)S(z), (1) overlap integral between empty cavity eigenmodes and the
dt T deformed population inversion pattern is decreased as the
pump is increased in the regime abawvg. Eventually, mul-
timode oscillations becomes unstable. This result parallels
the change of slope observed arowmdin Fig. 2(b). At the
ritical pumpw=w,, the population distribution displays

whereP(z) is the pump rater is the population lifetimeg,
is the Auger parameteB. is the stimulated emission coef-
ficient, andS(z) is the photon density. Let us introduce the

population inversion density at the lasing threshold average e plateau characteristic of the quartic maximum as shown

. |
over the absorption lengthly,=(1/,)J’N(2)dz. For the i, rig 5b). Finally, in the cas®,=1/3, shown in Fig. &),
LNP laser,|,=100um. Defining a normalized population the standing-wave pattern is no more sinusoidal right from
inversion throughn(z,t)=N(zt)/Ny,, we find in steady the |asing threshold, leading to spontaneous single-mode os-
state cillation. In other terms, the dip in the center mfz) corre-
sponds to the node of the eigenfunctions, whereas side dips
~ —1-8(2)+[1+5(2)]*+40,Nin(2)W(2) ;)  Ccutexcess energy in antinodes.
- 2Q, - @ Although the condition given by Eq4) was derived in

the single mode regime, we have verified numerically that it
Here, w=7P/Ny, is the normalized pump powers(z) still gives a good approximation oi/. in the multimode
=B.S(z)7 is the normalized photon density, anQ, regime in the range of pump rate used in the experiments, in
=Qq,Ny, is the normalized Auger parameter. Assumingwhich a number of modes is not large.

n(z)
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FIG. 5. Numerical spatial distribution of population inversion
for various pump levels when the first lasing mode is oscillatiag.
Q,=0.1, (b) Q,=0.17,(c) Q,=0.36. The first lasing mode inten-
sity was assumed to bel=(%)(w— 1), which is easily derived
from simple calculations. In cag®), the quadratic-to-quartic tran-

sition occurs awv=w,=2.
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IV. INSTABILITY ASSOCIATED WITH DEFORMATION
OF SPATIAL HOLE-BURNING PATTERN

A. Mode-partition noise above the Q2Q transition

When the pump is increased beyangd, amode-partition
instability appears in the multimode domain abavg, be-
fore the single mode domain is reached. The threshold pump
for the onset of this instability depends on the pump condi-
tion (spot sizg. A typical example of oscillation wave forms
and corresponding power spectra for modal outputs is shown
in Fig. 6 in the three-mode regime. The power spectrum
exhibits a peculiar spectrum aroufig,= 1.3 MHz, which is
indicated by the arrovf. It consists of many closely spaced
line spectra separated Hy,,~1 kHz, in addition to relax-
ation oscillation frequency peaks,f,,f; driven by white
noise, as is shown in Fig.(8). The corresponding modal
output wave form in Fig. @) shows fluctuation roughly at 1
kHz. The amplitude of fluctuation was measured to be about
10% of the averaged output power.

This fluctuation component shifts towards a higher fre-
quency side as the pump power is increased. Results are
shown in Fig. 7, where two-mode oscillation is occurring. In
this case, the power spectrum for the modal output features
additional large amplitude broad-band fluctuation compo-
nents peaked around 100 kHz indicated by the arfoim
Fig. 7(b), in addition to the relaxation oscillation frequency
peaks atf; and f,. The corresponding wave form in an
expanded time scale features random fluctuation at 100 kHz
as shown in Fig. @&). This tendency of the appearance of
broad-band noise was always observed when the pump
power density was increased.

It should be noted that this instability occurring above the
quadratic-to-quartic transition disappears completely for the
total output This is shown in Figs. @) and 7c), in which
only the McCumber frequency pedkis observed. Thus, the
modal outputs exhibit anticorrelated amplitude fluctuations,
while the total output is completely free from such mode-
partition instability. The strong suppression of low-frequency
relaxation oscillations at, andf 5 for the total output results
from the usual antiphase dynamics mentioned in Sec. Il
[6—8]. However, the classic TSD multimode rate equations
are unable to describe the mode-partition instability reported
in this section.

B. Discussion

The mode-partition instability reported in this section was
not observed in the case of Fig(c? in which spontaneous
single-mode oscillation is ensured as shown in F{g).5This
strongly implies that multimode oscillations above the tran-
sition derived from Eq(4) is the key for understanding this
instability. We introduced such effects as the higher-order
spatial Fourier components of spatial hole-burning pattern
and the strong localization of population inversion at the
input end surface of the crystal, in addition to the Auger
recombination effects, into TSD multimode equations. These
effects are found to increase the second lasing mode thresh-
old further. In addition, the breakup of multimode oscilla-
tions featuring the decrease in mode numbers34-2—1
observed in the experiment has been reproduced. However,
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(b)

0 3MHz 0 3MHz

FIG. 6. (8 Modal output wave form(b) corresponding power FIG. 7. .Mode-partltlon instability observed yvhen the pump
2" power was increaseda) Modal output wave form in an expanded
spectrum, andc) power spectrum for the total output indicating . . . .
L . . . . .~ time scale of 5Qus/div. (b) Power spectrum: 300 kHz/div. All the
mode-partition instability featuring antiphase dynamic properties, .
. I - fluctuation components except foy were also suppressed for the
The pump power was set in the three-mode oscillation domai
above the kinkv, . (a) horizontal scale: 5 ms/divb),(c) horizontal
scale: 300 kHz_/div. V(_ertical scale: 10 dB/div. For the tota! outputequations in which modal expansions have not yet been in-
spectrum, the input signal was attenuated-bj0 dB. The disap-  troduced. Another peculiar feature to be bear in mind is the
pearance of, andf; peaks result from usual antiphase dynam'cs'interplay between lasing modes belonging to different tran-
sitions. Here, the wavelength separation of these modes
solutions of eigenvalue problefe.g., linear stability analy- A =5 nm is of the same order of magnitude as the fluo-
sis) of these modified TDS equations tell us that no instabil-rescence linewidth of each transitidd\g=T,, the trans-
ity appears. verse relaxation timg21].

These results suggest that in these high-density pumping A feature of this problem is the Auger effect which leads
regimes, there is no longer a one-to-one correspondence bi@ a high-density correction proportional W in the evolu-
tween cavity modes and lasing modes. In other terms, w&on of the population inversion. In view of the modal expan-
must investigate spatiotemporal multimode laser dynamicsion which leads to the usual TSD equations, Nfeterm
including a large number of cavity modes and a spatial diswill induce a second source of recurrence: each modal am-
tribution of population inversion in the beam propagationplitude D(n;q,t)=(1/L)f5D"(z,t)cos(2rqZL)dz will de-
direction. The observed instability will be best described bypend onD(n;q*q’,t) as in the TSD equations but also on

otal output.
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D(n+1;q,t). Hence a new truncation scheme is necessaryion inversion distribution above the quadratic-to-quartic
to account for the Auger effect. Work along this direction istransition, and its challenging property has been shown ex-
in progress and will be reported in a separate publication. perimentally. A full theoretical explanation of this instability
is now under investigations. However, the present low-
V. CONCLUSION frequency instability provides research issues for laser phys-
ics involving multimode laser dynamics.
In conclusion, the breakup of multimode oscillations in a
laser-diode pumped microch_ip stoichim(_etric LiNGR, Igser ACKNOWLEDGMENTS
due to the strong deformation of spatial hole-burning pat-
terns, which arises from high-density pumping, has been in- K.O. is indebted to T. Yamada of NTT Basic Research
vestigated. A simple universal relation between critical pump.aboratories for supplying the LNP crystals. The work in
and Auger parameter for quadratic-to-quartic transition ofTokai University was supported by Grant-in-Aid for Scien-
population distribution function, which supports the experi-tific Research of The Ministry of Education. The work
mental results on lasing mode spectra, has been given. Spoin Brussels was supported by the Fonds National de la Re-
taneous single-mode oscillation has been realized accordingherche Scientifique, the Interuniversity Attraction Pole pro-
to this relation. gram of the Belgian government, and a grant from the Ser-
A mode-partition instability has been found to occur, vices Feleraux des Affaires Scientifiques, Techniques et
which is associated with the strong deformation of popula-Culturelles.

[1] C. L. Tang, H. Statz, and G. deMars, J. Appl. Ph34. 2289 [11] P. Mandel, K. Otsuka, J.-Y. Wang, and D. Pieroux, Phys. Rev.
(1963. Lett. 76, 2694(1996.

[2] H. Statz and C. L. Tang, J. Appl. Phya5, 1377(1964). [12] M. Blatte, H. G. Danielmeyer, and R. Ulrich, Appl. Phyks.

[3] T. Kimura, K. Otsuka, and M. Saruwatari, IEEE J. Quantum 275 (1980;
Electron.QE-7, 225 (1971). [13] H. G. Danielmeyer and H. P. Weber, IEEE J. Quantum Elec-

. . . tron. QE-8, 805(1972.
4] K. Wiesenfeld, C. Bracikowski, G. R. Roy, Phys.
[4] K. Wiesenfeld, C. Bracikowski, G. James, and R. Roy, PhYS,) 1 \oroda K Otsuka, and J. Nakano, J. Appl. PHis 5096

Rev. Lett.65, 1749(1990. (1974).

[5] K. Otsuka, Phys. Rev. Let67, 1090(199). [15] S. R. Chinn and H. Y.-P. Hong, Opt. Commui§, 345(1975.

[6] K Otsuka, P. Mandel, S. Bielawski, D. Derozier, and P. Glo- [16] S. Singh, R. B. Chester, W. H. Brodkiewics, J. R. Potopowics,
rieux, Phys. Rev. A6, 1692(1992. and L. G. Van Uitert, J. Appl. Phygl6, 436 (1975.

[7] P. Mandel, M. Georgiou, K. Otsuka, and D. Pieroux, Opt. [17] H. Koizumi, Acta Crystallogr. Sect. B2, 266 (1976.
Commun.100, 341 (1993. [18] T. Baer, J. Opt. Soc. Am. B, 1175(1986.

[8] K. Otsuka, Proc. SPIE2039 182 (1993, and references [19] K. Otsuka, IEEE J. Quantum Electro@E-14, 1007 (1979;
therein. K. Otsuka and T. Yamada, Opt. CommuirY, 24 (1976.

[9] P. Mandel and J.-Y. Wang, Opt. Left9, 533 (1994. [20] W. E. Lamb, Jr., Phys. ReW34, A1429 (1964.

[10] P. Mandel and J.-Y. Wang, Phys. Rev. Left5, 1923 [21] K. Otsuka, T. Yamada, M. Saruwatari, and T. Kimura, IEEE J.
(1995. Quantum ElectronQE-11, 330(1975.



