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Longitudinal, Degenerate, and Transversal Parametric Oscillation in Photorefractive Media
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We present a theoretical model of photorefractive parametric oscillation that covers, for the first time,
to our knowledge, the occurrence of the whole spectrum of parametric processes from transversal over
degenerate to longitudinal parametric oscillation. It is shown that inclusion of so-called noneigenwaves
is essential for completing the model. We report on the first experiment that shows the transition from
transversal over degenerate to longitudinal parametric oscillation. The experimental observations agree
well with the theoretical predictions. [S0031-9007(96)01360-9]

PACS numbers: 42.65.Hw, 42.70.Nq, 52.35.Mw

Photorefractive parametric oscillation is a nonlinear in-Contrary to this, longitudinal parametric oscillation (LPO)
stability process that might appear when a running holoand transversal parametric oscillation (TPO) are nondegen-
graphic grating is recorded in a photorefractive crystal [1].erate processes wheke # k;. In the case of LPQg and
These types of processes are closely connected to the 1g- are both aligned along the fundamental grating vector
cently discovered parametric amplification processes [2]}213_ This process was theoretically predicted by Sturman
For certain grating velocities the grating becomes unstablg; 4. [3] and to some extent experimentally verified by

against excitation of two secondary gratings referred to ag,jarsen and Johansen [1]. Inthe case of IP®,, and

s_|gnal and_ idler gratlng_s_and we have the state of p?rame}é; are all noncollinear. This process has been reported on
ric oscillation. The originally induced running grating is

. . > _only once [4] but similar observations had been done a few
then referred to as the pump grating which transfers gratlréears before by a group in Oxford [5]. To the best of our

strength to the signal ar!d idler gratings. To obtain t.he ne nowledge, no previous theory has been able to explain the
essary nonlinear coupling between the three gratings th

i i . - Sccurrence of TPO. Neither has it been clarified experi-
so-called spatial synchronism condition [3] + k = k. menally for which parameters the individual parametric
has to be fulfilled, whergs, k;, andkp are the signal, idler, processes appear. These questions are clarified both theo-

and pump grating vectors, respectively. Degenerate pargetically and experimentally in this Letter.
metric oscillation (DPO) refers to the case where the signal The ‘theoretical basis is the nonlinear wave equation

and idler gratings are identical; hendg, = k; = kp/2.  which governs the induced waves of space-charge field
Thisis also referred to as ordinary subharmonic generatiorg, (7, 1), when a photorefractive crystal is illuminated by
| the light intensity distributiod (7, 1) = I, + I;(7, ) [1,3]:
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where the explicit dependencies Bf andl, on 7 and¢ | cesses in photorefractive media. We now want to consider
are omitted for simplicity. E, is a constant electric field the stability of the induced fundamental space-charge field
that has to be applied to the medium in order to observavhen the photorefractive medium is illuminated by the in-
the parametric effectskp is the Boltzmann constant,  tensity distribution/; = ml, cogkpx — (t), wherem is
is the absolute temperaturg, is the absolute value of the intensity modulation coefficient, is the fringe wave
the electronic chargel, is the spatially averaged light number, and} is the temporal, angular frequency of the
intensity, u is the mobility of conduction band electrons, running fringe pattern. The electric fiek) is applied per-
and 7 is the electron recombination time given by=  pendicular to the intensity fringe planes.
(yrN4)~ !, whereyy, is the recombination constant aNg In the model of Sturmaret al. [3] it is assumed that
is the density of acceptors. The two constang@and are  the secondary grating waves fulfill the linear dispersion
given bywy = sIgNp/N, and{ = sqNp/eges, wheres relation of the medium. In our model we make no
is the photoexcitation cross sectiayy, is the total density prerequisites in this respect; hence, we use as a solution
of donors, anteg is the permittivity of the crystal. ansatz of the form

The wave equation is seen to include three quadratic >, _ . . A s
nonlinear terms which are doubly underlined on the right Ey = YEp explikpx - i€21) + ksEs(t) expliks - 7)
hand side. These are responsible for the parametric pro- + kE (1) expliky - 7) + c.c., 2
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wherex ks, andk; are unit vectors along the axis, ks, secondary waves; thus we include eigenwaves as well as
andk,, respectively. Ep, Es, and’E; are the fundamental noneigenwaves in the analysis. Inserting the ansatz (2)
(pump), signal, and idler space-charge field amplitude§to Eqg. (1) and neglecting higher order terms we obtain
and c.c. denotes the complex conjugatEp is taken as the following linear set of coupled amplitude equations:
the linear solution to Eg. (2) which we assume to be

slowly varying in the very first period of time where T.S + AsEs = BsE; + G/,

. : ~ . 3
Es and E; may start to grow. As is seen we make I + AJE = B Es + C Es, 3)
no assumptions about the temporal frequencies of the
| where
I = ErexpliQr), As = yi, T ioj, A =y, — ilop, — Q),
B _%monquVl + [(Q + iwo)X vy + (Q — iwo)va]Ep
s = ;
EDJ;S + EMJ;S — iEy
o T3mooE, v + 1O+ iwn) (1= X))+ iwory ' 1E; @
! Ep;, + Eyi + iEo ’
E . Ep _
Cy = —i P - vy, C1 =1 P - v, 1,
Epi, + Eyi, — iEo Epi, t Eyj, T iEo
X(1 - X) - v? (1 —X)2+ 12 ¥ ks|| v ks,
14 = 9 14 = ’ = T ’ = -
LU 20 - X2+ 12 ? JXZ + 12 kp kp

i, and w; are the damping factors and eigenfrequén- ,
cies of the grating waves anfd, ; , E,; , andE,, ; are

the characteristic photorefractlve dlffusmn saturatlon and
drift fields, respectively [3]. ks andks. are the compo-
nents ofks that are, respectively, parallel and perpendicu-
lar to Ey. The characteristic exponents of Eqgs. (3) are
found to be

s+ =—0) £0f — 0,, (5)
where
0 _ 1 Ag + A] — BsC| — BjCs
) 1 — CsC} ’

* * )
0, — AsAL = BsBi -

S IoNs/
BecauseEs and E; are proportional to exp-r) we L -
wish to find out for which parameters. ands_ have 2.
positive real parts; in these cases the fundamental wave = mooe=07 B =06 D &=04

becomes unstable against excitation of the signal and1I I

idler waves and, hence, we have parametric oscillation.
.

Inasmuch as the real part of is always less than the
real part ofs; we need only consider the latter.

In Fig. 1 the real part ofs; is plotted versusX
and Y for different values of the detuning parameter
given by w;, /), where w;, is the eigenfrequency of
the fundamental wave [3]. The fundamental wave vector
assumes the coordinaté€®, Y) = (1,0). For each point Wooe=03 @ e=B2F M e=022 W =02 W e=0IE
(X,Y) that is inside the dashed contour, a signal waver|G. 1. Contour plots of the real part of, versus X
with wave vector(X, Y)kp and an idler wave with wave (abscissa) and/ (ordinate) for different values of. In all
vector(l — X, —Y)kp can occur in the medium. cases the light areas represent regions of instability; the black

Starting at: = 2 it is seen that an instability region cen- 2r€as represent stable regions. The dashed contour represents

Re{s.} = 0; the subsequent contours represent{sR¢ = 5,
tered atX = 0.5 andY = 0 appears. The center corre- 10, 15, and20 s}, respectively. The followmg parameters are
sponds to the case of DPO. Wheis reduced the system ysed: £, = 14 kV/cm kp = 27/30 um ™', I, = 40.7 mW/

enters a state of TPO where the signal and idler waveny along with crystal parameters relevant to BSO [1].
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vectors are nonparallel tp. Decreasinge further the ally decreased to 0.21 after which maximum diffraction
system reenters a region of DPO, and then @2 > efficiency is obtained a@ = w;, = 88 s~'. In the fol-

e > 0.18, LPO arises where the instability region splits uplowing this value is used as a basis for determinatioa.of
along the longitudinal direction. It is seen that the insta- m is now reset to 1 and the readout angle is adjusted
bilities are much stronger for TPO and DPO than for LPOto Bragg match an eventual /2 grating. One should

The first interesting aspect of Fig. 1 is that for everynote that because of the large grating fringe spacings
value ofe it is possible for a whole continuum of secondary involved here(>>30 um) the angular Bragg selectivity is
waves to be excited, not only one pair. This is opposed teery poor. Therefore, also the fundamental grating is read
the model of Sturmaat al. [3] which predicts that for each out in this configuration plus all additional gratings with
value ofe only one particular longitudinal component for fringe spacings larger than the fundamental one that might
ks and one fork; are possible. Hence, one of the resultsappear when the fundamental grating becomes unstable.
of not forcing the secondary waves to be eigenwaves is thBy gradually increasind, ¢ is now varied from 0.48
emergence of a two-dimensional continuum of secondarglown to 0.06. Thereby, the diffraction patterns shown in
waves. The next new finding of Fig. 1 is the instability Figs. 3(a)—3(t) appear on the screen.
regions that appear far > 0.25. Again, this is opposed =~ When starting to decreasefrom 0.48 and downwards
to the results of Ref. [3], where it was concluded that nat is seen that some secondary gratings appear with grating
instability could be found in this region. However, as isvectors spread arounkp/2 [Figs. 3(a)-3(c)]. Then at
seen, it is in this very region that TPO is found. e = 0.38 the diffraction pattern starts splitting up into two

To support the theoretical results we have performed apots along the transversal direction (i.e., alongythgis).
series of experiments in a crystal of BSO. A schematicThe splitting becomes more and more pronouncea as
representation of the setup used is shown in Fig. 2. Tweouns through the intervad.38 > ¢ > 0.29. Hence, in
collimated and linearly polarized recording beams fromthis interval we have clear experimental evidence of TPO.
an Ar' laser at 514.5 nm are illuminating the crystal in For0.23 > & > 0.13 a continuous evolution from TPO to
a way so that the interference fringes are perpendicular tBPO is observed; see Figs. 3(j)—3(n). At= 0.11, we
thex axis. The crystal used here has the dimensfoixs  observe a pure case of DPO. When decreasifigrther
10 X 10 mm along thex, y, andz axes, respectively. The the centralkp/2 spot starts to broaden, this time in the
recording beams have equal intensities of 20.35foM.  |ongitudinal direction (i.e., along the axis) ending up
One of the beams is shifted in frequency by an amdunt with a longitudinal splitting of the spot, first into three
due to reflection from a moving piezomirror. The two spots (¢ = 0.08) and then into two spotge = 0.07).
recording beams form a running interference pattern wittHence, the process has developed into LPO.
the modulation coefficientz = 1 and a spatial period of By comparing Figs. 1 and 3 it is seen that generally
Ap = 30 um. Moreover, a dc electric field of 14 k¥m  quite good qualitative agreement is obtained between
is applied along thex axis. The induced holograms are instability regions (Fig. 1) and regions that are occupied
read out by a 7 mW linearly polarized HeNe laser by signal-idler pairs in steady state (Fig. 3). Except for
at 632.8 nm. The diffraction patterns are projected onhe DPO region at highe values in Fig. 1 both sets
a screen from where a charge coupled device camera
records the patterns.

At first, the frequency shiff) at which the fundamental
grating has maximum strength is measured. At this valu
Q= o i.e.,e = 1. To avoid so-called nonlinear fre-
quency shift [6] the modulation coefficient is provision-

= Il

_Read-our < Jiir=
Y =

(M= gll — Recording
- i beams

=7 Screen

FIG. 2. Schematic diagram of the experimental setup used foFIG. 3. Diffraction patterns observed on the screen for differ-
observation of parametric oscillation in a crystal of BSO. Theent values ofe. In all pictures the powerful spot on the left is
plane formed by the recording beams and the plane formed bthe directly transmitted spot (zeroth order) whereas the spot on
the diffracted readout beams are slightly tilted with respect tahe right is the first order spot. All spots in between stem from
one another (approximately’in order to separate the readout diffraction in secondary gratings that arise due to parametric
beams from the recording beams. oscillation.
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of figures show that ag is decreased the parametric the averaging is performed along thaxis over the entire
instability process goes from TPO over DPO to LPO. Tolength of the crystal. Consequently, one cannot quantita-
our knowledge, this has never been demonstrated beforvely compare the values @fin Figs. 1 and 3.
It is also seen that the gratings of TPO and DPO are much In conclusion, we have presented the first theoreti-
stronger than those for LPO. This agrees also well witlcal model that is capable of describing the occurrence
the results in Fig. 1. of transversal parametric oscillation. It is shown both
If one compares the different values©fn Figs. 1 and theoretically and experimentally that as the detuning pa-
3 it is seen that the theoretical values are generally higheametere is decreased the parametric process evolves
than the corresponding experimental ones. Moreover, thigom transversal over degenerate to longitudinal parametric
experimental pictures show that TPO and DPO appeawscillation.
simultaneously for a broad interval of, the theoreti- This work was supported by the Danish Natural Science
cal results show that only within a narrow region aroundResearch Council, Grant No. 9502764.
e = 1.7 and 0.7 this can happen. How can we explain
these contradictions? The answer is that absorption of the
recording beams causégsand thereby to vary exponen-
tially along thez axis. The absorption coefficient in the
crystal used here was measured tocm™!. This implies *Electronic address: LAS-HCPE@RISOE.DK
that at the front surface, where the recording beams entefl] H.C. Pedersen and P. M. Johansen, J. Opt. Soc. A2, B
the crystal,e is about four times larger than at the back 1065 (1995).
surface. Thus, for a certain value 8f, & might, for ex- [2] H.C. Pedersen and P.M. Johansen, Phys. Rev. [6ft.
ample, equal 1 at the front end of the crystal and 0.25 at the[3] glfgsgllj?rgg)ﬁ M. Mann, and K. H. Ringhofer, Appl. Phys
e el processes fom ot 1010 40 & s 235 (138 5. Sman, . amn. . Oten, an
. . : K. H. Ringhofer, J. Opt. Soc. Am. BO, 1919 (1993).
out is performed along the axis, all processes are reaq [4] H.C. Pedersen and P.M. Johansen, Opt. LES. 1418
out simultaneously and, hence, we observe pictures like' * (1994).
Figs. 3(j)—3(n) where both TPO and DPO appear. Forthe[s] J. Takacs and L. Solymar (private communication).
same reason the experimental valueg afiven in Fig. 3 [6] T.E. McClelland, D.J. Webb, B.I. Sturman, M. Mann,
are not exact in the sense that they are average values where and K. H. Ringhofer, Opt. Communil13 371 (1995).
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