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Squeezing based on nondegenerate frequency doubling internal to a realistic laser
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We investigate theoretically the quantum fluctuations of the fundamental field in the output of a nondegen-
erate second-harmonic generation process occurring inside a laser cavity. Due to the nondegenerate character
of the nonlinear medium, a field orthogonal to the laser field is for some operating conditions independent of
the fluctuations produced by the laser medium. We show that this fact may lead to perfect squeezing for a
certain polarization mode of the fundamental field. The experimental feasibility of the system is also discussed.

DOI: 10.1103/PhysRevA.69.013808 PACS nuntber42.50.Dv, 42.50.Lc, 42.65.Ky, 42.55.Ah

I. INTRODUCTION [12] and Levienet al. [15] showed that perfect quadrature
squeezing may be obtained in the laser field and the up-
The generation of manifestly nonclassical states of theonverted second-harmonic field, respectively, for certain
light field and, in particular, the Gaussian squeezed state @fettings of the decay rates involved. A rigorous treatment of
light is motivated by the great arena of applications, ranginghe same system was carried out by Whéteal. [16,18].
from high-precision measurements with optical sengbf$o Contrary to other theoretical investigations, these authors in-
the field of quantum information sciend®,3]. The most cluded the effect of very fast dephasing of laser coherence, a
successful scheme for the production of such states is vigractical fact in all common laser systems. They found that
intracavityx(z)-nominear processes where second-harmonidghe inclusion of this effect leads to additional noise, obscur-
generation of a laser field is followed by a subthreshold oping the squeezing to the extent that the experiment is not
tical parametric oscillatof4,5]. Unfortunately, this scheme feasible for squeezing production using a type-I SHG crystal.
requires a rather extensive and hence space demanding opfiRis conclusion has been further corroborated by the fact
cal setup. It will therefore appear fruitful to devise somethat squeezing effects from a laser with internal frequency
alternative systems which are more compact and consdloubling have so far never been observed experimentally.
quently more easily integrated into different applications. To- However, in this paper we show that one should not give
wards this aim we investigate, theoretically, the amount op 0n an up-conversion process internal to a laser as a source
squeezing that can be expected in a certain polarization sta@é efficiently squeezed light. Rather than incorporating a
of a laser beam using a polarization nondegendigfee-11)  type-l crystal inside the laser cavity, as done in R&€], we
second-harmonic generati¢8HG) process which is located here consider the case of a type-Il phase-matched crystal
inside a laser cavity. placed inside the cavity. In a type-1l SHG process, two fun-
The intensity noise of a standard laser operating weldamental beams along the crystal axes have to be excited.
above laser threshold is usually at the quantum noise limi¥Ve show that this extra degree of polarization freedom may
(QNL) provided that the pump source is at the QL. It is, give rise to very efficient squeezing of a certain polarization
however, possible to enforce squeezed state production viiate of the fundamental field.
different means. Regularizing the pumping mechanism, e.g., The way of attacking the problem is to derive a set of
using a sub-Poissonian pump, may lead to amplitude squee&nearized Langevin equation for the fluctuations of the
ing at low frequencies of the laser field]. This has been atomic variables and the fundamental fiek&ec. 1) and
shown experimentally for semiconductor lasers, pumpedogether with the steady-state values derive the spectrum for
with a sub-Poissonian electrical curreff]. Alternatively, the relevant quadraturgSec. I)). In Sec. lll we discuss the
squeezed states can be produced by some mechanisms intrperimental feasibility and calculate the degree of squeez-
sic to the laser medium. For example, if the decay rate froming that might be expected in a realistic system. Finally, in
the lower lasing level and the pumping rate are matdi®éd Sec. IV we conclude this work.
or if the coherence effect between the pump levels plays a
significant role[10], amplitude squeezing is expected to oc-
cur. Finally, squeezing effects are anticipated to appear if a
nonlineary(® crystal is placed inside the laser cavjtyl— Many different approaches have been developed to char-
17]. In particular, the system comprising a polarization de-acterize the quantum fluctuations of a laser. Here we use a
generate(type-I phase-match¢dSHG crystal internal to a linearized input-output approach in which linearized quan-
laser has been investigated theoretically. Fernareteal.  tum Langevin equations, derived from the Hamiltonian, are
solved directly in Fourier space to yield solutions for the
quadrature noise spectra. Details regarding such derivation
*Present address: Institute of Optics, Information and Photonicor a laser systenfwithout a nonlinear crystakcan be found
Max-Planck Research Group, University of Erlangemerg, in Ref.[19]. In this section we use this approach to describe
Staudtstr. 7/B2, D-91058 Erlangen, Germany. Electronic address system consisting of a laser crystal and a type-Il nonlinear
andersen@Kkerr.physik.uni-erlangen.de crystal for SHG located inside a common cavity.

II. LINEARIZED QUANTUM LANGEVIN EQUATIONS
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operators, the occupation operators, and the coherence opera-
tors can be derived directfyl9].

We introduce a series of assumptions consistent with most
laser systems with intracavity SHG. First, we assume that the
decay rate of the second-harmonic field is high; the field
escapes the cavity immediately after its generation, enabling
a) an adiabatical elimination from the Langevin equations. Fur-

thermore, we assume that the laser coherence, the pump co-

FIG. 1. (a) Schematic setup of the Self-frequency-doubling |aser.herence1 the pump Ca\/ity, and the upper level decay very
(b) Energy-level scheme of the lasing atoms. rapidly. This enables an adiabatical elimination of the pump

o ) o mode and the occupation operator of the upper l¢sek

A schematic diagram of the model is shown in Figg)l  Ref. [19] for detail3. This results in a three-level laser de-
The frequency doubling laser consists of a four-level |ase§cription as shown in Fig.(b).
crystal (with one of the levels adiabatically eliminated The steady-state solutions for the atomic populations and
type-Il nonlinear medium and two orthogonally polarized the fields are required to evaluate the field spectra. The semi-

ring mode;; the parallel polari_zed modg,and the orthogo-  ¢|assical equations of motion are given by
nally polarized mode&, (see Fig. 2. The former mode con-

stitutes the laser mode as well as one of the fundamental d(ay)

modes of the type-lIl SHG process. This mode is therefore dt §(<03>_<02>)<a\\>_7ll<aH>
coupled to the lasing atoms via the coupling strerggéimd to

the nonlinear crystal via the coupling parameterThe or- — u(ap)* (ap®—(a,)?),
thogonally polarized mode also has to be taken into account

due to the nondegenerate polarization character of the SHG d{a,) _ " 2 2
process. We assume that this mode does not couple directly dt yia)+u(a)* ((a)—(an)?),
to the laser medium. This is a good assumption as long as the

mode occupies the vacuum state, but it becomes invalid d{oy)

when the mode is intense. However, the implementation of T:K2<02>_F<Ul>, (2
an extra ring cavity, which is coupled to the laser cavity

around the SHG crystal, assures that this assumption is valid. d{o,)

Laser

Type I SHG

We should point out that we consider the system in a basis T =G((03)—(o2))(a)*+ ka(o3) — Kk2(02),
which is rotated 45° with respect to the basis spanned by the

principal axes of the nonlinear crys{@0] as shown in Fig. d(o3)

2. The reason for this basis shift is to make the intense laser T —G((o3)—(o)){a)?—ks(os) +I{0y).

field parallel to one of the fundamental fields and also be-
cause, as we will see soon, these polarization directions ar
particularly interesting.

The Hamiltonian describing the internal mode interaction
in the laser and the SHG process is

o) is the population of level scaled by the number of
atomsN and(a,) (n=1,]) are the amplitudes scaled by
JN. The total decay rates for the ring modes aandy, ,
the pump rate is denoted Hy and the decay rate between
levels 3 and 22 and 1} is given byxs(x5). G is the stimu-

f T
H=ifg(a] o~ a‘|a;9+i—K(qu 2—pal?-H.c), lated emission rate per photon for the laser mode and the
2 ) nonlinear coupling parameter ig, which is proportional
to «2.

. . . Homogeneous steady-state solutions are derived by equat-
where and o, are the collective atomic lowering and . , ;
723 923 9 ng Eq. (2) to zero whereby three different solutions are

raising operators between levels 2 and 3. The secon : : )
harmonic mode is represented by the annihilation opetatordfound' The solutions for the |r)ternal fields depend on the
power level of the beam, pumping the laser process, and can

. T . . . . _
and_ the creation operatdn’. Using the Interaction Hamil be divided into three regimes as shown in Figg)3Below
tonian (1) together with the reservoir Hamiltonian a set of . i =
uantum Langevin equations of motion for the internal 1‘ieldthre.sml.d for laser action, we naturally hMi>._<a\\>_Q
q [region(i)]. Above laser threshold one of the field solutions
destabilizes associated with the occurrence of the parallel

a, a, polarized fundamental field, e.g., the laser fipiggion (ii)].
Another instability, which corresponds to the emergence of
% Direction of the orthogonally polarized fundamental mode, can be

laser polarization reached by increasing the pump power furtfregion (iii )].

For completeness, the second-harmonic power is shown
in Fig. 3(b), and we observe that, due to the back-conversion
(associated with the generation of a bright orthogonally po-

FIG. 2. The principal axes of the nonlinear crystal with respectlarized modg the second-harmonic output clamps at a cer-
to the base in which the theory is derived. tain value.

ad
Principal axes of Type II crystal
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tures, respectivelyn=|| and n=1 apply to the amplitude
and the phase quadrature, respectiv@ly: 1 for the ampli-
tude quadrature whil® =0 for the phase quadrature. In
both equations the “plus” sign and “minus” sign are associ-
ated with the amplitude and phase, respectively. The opera-
tors 6Z' represent the input fluctuations associated with the
various passive loss mechanism whilg, is the fluctuations

in the laser pump modedo, and o5 are fluctuations asso-
ciated with the atomic populations in the two lasing levels;
levels 2 and 3. Finally, the decay rates for the two fundamen-
tal fields,? andy}, (n=_L,||), are associated with the losses
for the cavity mirrors and the other passive losses, respec-
tively.

From the Langevin expressions we see that the quadra-
tures for the parallel polarized mode are, not surprisingly,
directly coupled to the laser process. This means that the
laser noise adds considerable noise to the parallel polarized
mode, which is subsequently transferred into the orthogo-
nally polarized mode. Therefore, we might expect that the
laser source has an adverse impact on the production of
squeezed light, an expectation also alluded to by Watita.

[16] for type-I SHG inside a laser cavity. However, we see
that in the regime where the orthogonally polarized mode is
unexcited, corresponding to regidii) in Fig. 3a), i.e.,

(a,;)=0, the mode decouples from the parallel polarized
mode. In turn this means that the laser noise stays in the
latter mode and the orthogonal polarization mode evolves
independent of the laser mode. Settifg, )=0 in the

FIG. 3. Steady-state solutions as a function of the pump Strength_angevin equation we find

I'. Solid curve in(a) represents the parallel polarized field ampli-
tude (the laser fieldd while the dashed curve is the orthogonally dox

polarized mode(b) The second-harmonic power vs the coupling —t:(;(ggs_ 5‘72)<au>+2@<au>5XL”—2u<au>25Xu

strength. d
I inl [~ C in2
To solve for the quantum dynamics we now conduct a N2y OX[" 2y oX( P+ VB X,

linearization approximation by inserting the superpositions

d(SY” in inl C in2
W=(w)+ow, w=(a, .a,01,00.0  (3) at = 2@ Y+ 2y 8+ v2ef o]
into the quantum Langevin equations. We then arrive at the +\GaY,, 6)
following set of linearized Langevin equations for the
guadrature fluctuations of the fundamental fields: dox,

—gr =~ (7o @) aX, 29l oxM+ V298 X1,

doz, .
T =0G( 603— 602)(aH> + 2\/;<aH> 5Z|bn - 2,u<an>252H 45y
L inl C ovin2
. . ———=—(y, +m(a)?) Y, + 2y, Y+ 295 Y2,
+2u(ay)(a,)6Z, +29]6Z"+ 24 6Z)" dt LA L L
+\/§52p, Strictly speaking the linearization approximation breaks
down when the steady-state solution becomes comparable to
déz, the size of its fluctuations. Therefore, in the above-mentioned

case wheréa, )=0, the linearization approximation is in-

valid. However, in a realistic system a small part of the par-
allel polarized field will always be coupled to the orthogo-
nally polarized wave due to inevitable imperfect alignment

G =~ 70z 2 (@) a7y + [+ p(a)~(a,)?)

—2u(a,)?18Z, +2p(a, () 67+ 29, 67"

+t 5ZT2, (4) of the direction of the laser polarization. In fact, only a few
microwatts have to be transferred from the laser polarization
where the quadrature fluctuation amplitudes§Z  to the orthogonal polarization mode to justify the lineariza-

=(6X,8Y), of the fields are defined bya=3(5X—i4Y), tion approximation. Due to the vanishingly small amount of
wheresX and 8Y represent the amplitude and phase quadralight, which is transferred between the two polarization

013808-3
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modes, the seeded light will be at the QNL. Therefore, the
asymmetry will not be detrimental to the production of
squeezed light.

IIl. NOISE SPECTRA

Having the linearized Langevin equation for the quadra-
tures at our disposal it is now rather straightforward to evalu-

ate the various noise spectra using well-known techniques. \ E7 y
First we note that since the two orthogonally polarized M5 ;f"' ’
states are decoupled, the quadratures for the parallel polal Rt

ized mode[described by the two first evolution equations in _ _ _

Eq. (5)] and the second-harmonics mode mimics that of a FIG. 4. Schematic of an experl_mental setup to realize the pro-
singly resonant type-l SHG process located inside a |asé?osed scheme. The parallel po!arlzed fundamentgl filel laser
cavity. The noise spectra for this system were derived b);leld) resonates between the mirrors M1-M4, while the orthogo-

White et al. [16]. They concluded that in an ideal situation nally polarized field resonates in a coupled cavity confined by two

where dephasing of the laser coherence could be eliminateﬁ\i/oIIalSton prisms(WP) and the mirrors M5 and M6. A leakage

a maximum saueezing of onlv 50% is reachable at zero fre' rough mirror M3 can be used for locking the coupled cavity to the
q 9 y 0 . .__desired resonance. LC, laser crystal; FR, Faraday rotatoi #hd
guency. However, they also concluded that in any practic

T “half-wave plate.
laser system, where realistic values of the laser dephasing P

noise is taken into account, no squeezing will occur in either We immediatelv see that the exoressions for the spectra
the fundamental field or the second-harmonic field. y P P

We now tumn to the different feature of our system (7) resemble the ones for a subthreshold optical parametric

namely, the fact that also the orthogonally polarized mode igscillator[Zl]. It is a well-known fact that such a process is
affected by the nonlinear process. Therefore, we proceed bcapable of producing perfect vacuum squeezing near its os-

evaluating the output fluctuations of the orthogonall olar-é/illation threshold[22] at zero frequency. In our case the
9 P 9 yp phase quadrature is squeezed while the amplitude quadrature

ized mode, is correspondingly antisqueezed. A very important point that
out_ 5. ¢ _ ayin2 can be drawn from these spectra is that like in a subthreshold
OYLT=N2Y 0¥, — oYL, ©) optical parametric oscillator, the noise of the pump beam
in frequency space, and subsequently derive the quadratuﬂ@’h'Ch IS very noisy in our cageoes not §abqtage the de-
spectrum: gree of squeezing of the orthogonal polarization state.
_ _ 295[G(o3) (o)) — 2] IV. EXPERIMENTAL CONSIDERATIONS
Vi(w)=1% 5 , (7

We now proceed with a discussion of the experimental
feasibility of generating squeezed light in the system men-
tioned above under realistic conditions.
where the upper signs and the lower signs refer to the phase A practical setup has to fulfill a number of important cri-
and amplitude quadratures, respectivelyis the analyzing teria: It is important to maintain low losses at the orthogo-
frequency and nally polarized states in order to obtain high squeezing. Both
the parallel and orthogonal polarization states have to be kept

(og)= i(—b+ Jo?=2ac), simultaneously at resonance. It is crucial to make the type-II

2 phase-matched nonlinear crystal work as a full-wave plate to

avoid unwanted cross coupling between the two polarization

1—{(o3) states. Finally beam walkoff has to be eliminated since it

<‘72>=FK2TF' introduces cross coupling between the polarization states.

A setup that fulfills the above-mentioned design criteria is

2 shown in Fig. 4. A unidirectional bow-tie ring laser, confined
; by the mirrors M1-M4, is coupled to a secondary resonator
confined by mirrors M5 and M6 and two polarization beam

) splitters, implemented by, e.g., Wollaston pristiéP). Wol-

v F y”iEG(<0’3>—<0’2>) +w

GZ( r
a

"2\ M T

laston prisms have low insertion losses resulting in low
losses in both cavities. The parallel polarized wave circulates
in the laser cavity, while the orthogonally polarized wave is

r confined to the coupled cavity avoiding a passage through
B ®  the laser crystal.

The cavity containing the laser crystal is a unidirectional

This corresponds to the steady-state solution indicated bsing laser due to the rectification imposed by the combination
region (ii) in Fig. 3a). of the Faraday rotatdiFR) and the half-wave plate/2. This

2 iy
uwl+te, p

b= r G T
_K3+K2F+—K2_G 1+ F+K2

r

G T
e n
F+K2

— +
2/.1, F+K2 M

C
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FIG. 5. The phase quadrature noise power of the orthogonally FIG. 6. The phase quadrature noise power of the orthogonally
polarized fundamental field as a function of the diode normalizedpolarized fundamental field as a function of the frequency at three
pump rate. $=1.5x10"s?, y'i=0.75>< 10° s71, yﬁ different decay rates for the orthogonally polarized mode. Dotted
=05x10° 5%, y|=2.5x10F s}, andw=47x10P s, curve: y¢=1.5x10" s1; dashed curvey®=4.5x10" s™%; and

. . solid curve:y$ =7.5x10" s 1.
assures a stable, single-frequency laser operation completely _ _ _
avoiding the fluctuations often referred to as “the green In Fig. 6 we plot the noise powénormalized to the shot-
problem” [23]. The second coupled cavity must be phasenoise level at the oscillation threshold as a function of the
locked to the laser cavity. We suggest a convenient solutiof€asuring frequency for three distinct values of the coupling
where part of the laser field leaking out through mirror M3 is'ate of the orthogonally polarized field. Maximum squeezing
fed into the coupled cavity in the direction opposite to thelS achieved at the impractical zero frequency. However, as
circulating orthogonally polarized wave. This beam does noflearly seen from the figure, substantial degree of squeezing
disturb the countercirculating orthogonally polarized wave. can also b_e a“a'”ed for_ Nonzero fr_equency. To expand the

A phase-matching scheme without beam walkoff must befrequency interval in which squeezing can be obtained the

chosen in order to avoid direct coupling of the fundamentafFaV'ty linewidth has to be mcrgased. Th.|s, however, will be
at the expense of a huge increase in the pump power

fields. This is achieved either by choosing a lasing waves ) . . . S
length where noncritical phase matching can be obtained use" reachlrlg the mstab_llity point, which |§lcomputed 0
ing a type-Il crystal, e.g., KTRpotassium titanium oxide 1 1117 T'=656s7 and I'=165s for7 tﬁle
phosphate at 1080 nm[24] or by codoping the nonlinear ¢@S€S corresponcdmg to tk;e dlecay rajfs=15x10" s .
crystal to match the desired lasing wavelen@]. Further- ~ (dotted curvg, y7=4.5x10" s™* (dashed curve and y|
more, careful temperature control should be applied to stabi=7-5% 10" s™* (solid curve, respectively. Therefore, in
lize the nonlinear crystal as a full-wave plate. order to generate a broadbanded efficiently squeezed beam, a
Opt|mum Squeezing in the Orthogona”y po'arized Vacuun'powerful and efficient pump source for the laser process is
state occurs at the point of its oscillation, which correspond§ieeded.
to <a||>2=)/l/,u. Thus we can estimate the diode pump
strength needed to reach the point of instability and
hence optimum squeezing. Using realistic values of We have investigated, theoretically, squeezing in a fre-
=8.0x10 *s™* and y,=1.6x10"s* we find (a))*  quency doubler based on a type-Il phase-matched nonlinear
=19.7x10°, which again corresponds to a pump rate ofcrystal located inside a laser cavity. The system is resonant
11.1 s’ % This pump rate is readily reached, using, e.g., &or two orthogonal polarization directions of the fundamental
diode pumped Nd:YVQ laser. field (doubly resonant for the fundamentathile the gener-
Figure 5 shows the expected degree of squeezing at @ted second-harmonic field is allowed to escape freely. Con-
MHz as a function of the pump rate normalized to the pumprary to previously published results concerning type-I fre-
rate at the instability point. In calculating this degree quuency doubling, where pump laser noise couples strongly
squeezing we have used realistic parameters for the lasgito the quadratures of the generated laser field and subse-
medium(e.g., Nd:YVQ,), the cavity, and the nonlinear me- quently into the generated second-harmonic light, we find
dium (e.g., KTP. Squeezing at oscillation threshold is given that in the regime between the threshold for generation of the

V. CONCLUSION

by parallel polarized fundamental laser field and the threshold
. for down-conversion into the orthogonally polarized funda-

Ve1— Ayl ) mental field it is possible to obtain squeezing in the funda-

492+ w? mental field. In fact, we show that the Langevin equation for

the phase quadrature of the orthogonally polarized funda-
From this expression and using the parameters mentionadental is identical to the one for subthreshold optical para-
above we estimate that as much as 7.5 dB squeezing atretric oscillation. Consequently, we claim that our setup can
MHz should be observable in a realistic experiment. in principle produce perfectly squeezed light in the orthogo-

013808-5
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nally polarized fundamental field near the threshold formeans of polarization dependent components.
down-conversion. We propose an experiment for verification We believe the proposed method with carefully aligned
of this idea based on a unidirectional bow-tie laser with acomponents will allow detection of squeezed light from a
type-ll phase-matched second-order nonlinear crystal. Thiequency doubler internal to a laser, a process which has so
resonance for the orthogonally polarized light is provided byfar not been practical due to different noise sources triggered
a separate cavity, which is aligned with the laser cavity byby the laser process.

[1] V. Giovanetti, S. Lloyd, and L. Maccone, Natufeondon [13] D.F. Walls, M.J. Collett, and A.S. Lane, Phys. ReW2 4366

412 417 (2002). (1990.

[2] A. Furusaweet al, Science282 706 (1998. [14] R. Schack, A. Sizmann, and Schenzle, Phys. Re43A6030

[3] T.C. Ralph, Phys. Rev. A1, 010303R) (2000. (1992.

[4] L.-A. Wu, H.J. Kimble, J.L. Hall, and H. Wu, Phys. Rev. Lett. [15] R.B. Levien, M.J. Collett, and D.F. Walls, Phys. Rev.4&,
57, 2520(1986. 2324(1993.

[5] Breitenbach, T. Mlier, S.F. Pereira, J.-Ph. Poizat, S. Schiller, [16] A.G. White, T.C. Ralph, and H.-A. Bachor, J. Opt. Soc. Am. B
and J. Mlynek, J. Opt. Soc. Am. B2, 2304(1995. 13, 1337(1996.

[6] D.F. Walls and G.J. MilburnQuantum Optic§Springer, Ber-  [17] J. Zhang, Y. Cheng, T. Zhang, K. Zhang, C. Xie, and K. Peng,
lin, 1995. J. Opt. Soc. Am. BL7, 1695(2000.

[7]Y. Golubev and I. Sokolov, Zh. Eksp. Teor. Fig7, 408 [18] A.G. White, T.C. Ralph, and H.-A. Bachor, J. Mod. Op4,
(1984); Y. Yamamoto, S. Machida, and O. Nilsson, Phys. Rev. 651 (1997.

A 34, 4025(1986. [19] T.C. Ralph, C.C. Harb, and H.-A. Bachor, Phys. RevoA
[8] S. Machida, Y. Yamamoto, and Y. Itaya, Phys. Rev. LBS. 4359(1996.
1000(1987. [20] Z.Y. Ou, Phys. Rev. A9, 4902(1994).
[9] A.M. Khazanov, G.A. Koganov, and E.P. Gordov, Phys. Rev. A[21] P.D. Drummond, K.J. McNeil, and D.F. Walls, Opt. A28,
42, 3065(1990; T.C. Ralph and C.M. Savage, Opt. Lel§, 211(1981).
1113(1992. [22] M.J. Collett and D.F. Walls, Phys. Rev.32, 2887(1985.

[10] T.C. Ralph and C.M. Savage, Phys. Rew4 7809(1991J. [23] T. Baer, J. Opt. Soc. Am. B, 1175(1986.
[11] V.N. Gorbachev and E.S. Polzik, Zh. Eksp. Teor. Big. 1984 [24] Z.Y. Ou, S.F. Pereira, E.S. Polzik, and H.J. Kimble, Opt. Lett.

(1989. 17, 640(1992.
[12] P.G. Fernandez, L.A. Lugiato, F.J. Bermejo, and P. Galatola[25] J. Wang, J. Wei, Y. Liu, X. Yin, X. Hu, Z. Shao, and M. Jiang,
Quantum Opt2, 49 (1990. Prog. Cryst. Growth Charact. MatetO, 3 (2000.

013808-6



