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Optical rectification in a traveling-wave geometry
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We study the generation of microwave pulses due to optical rectification in a traveling-wave geometry. A
system of evolution equations is derived which describes the mutual propagation of both optical and micro-
wave fields. Overlap integrals and optimization criteria are given, and analytical expressions to determine the
generated microwave pulse are derived. It is observed that in non-velocity-matched geometries two microwave
pulses are generated initially. Both are the exact image of the optical signal. One pulse stays attached to the
optical wave, while the other propagates at the microwave group velocity and is subject to absorption and
dispersive broadening. In contrast, in velocity-matched configurations a single signal is generated which is
proportional to the first derivative of the optical pulse. It is found that for increased conversion efficiencies the
action of the generated voltage on the optical wave via the electro-optic effect can no longer be neglected, and
results in an effective cubic nonlinearity acting on the optical wg8&050-294{@9)04011-1]

PACS numbdis): 42.65.Ky, 42.79.Nv, 07.57.Hm

[. INTRODUCTION Unfortunately the theory describing the mutual propagation
of an optical and a microwave field coupled together by the
Second-order nonlinear effects were among the first to béecond-order nonlinear response of the medium is currently
investigated after the invention of the laser. It was showrincomplete. The aim of this paper is to develop an appropri-
that frequency doubling occurs if a highly intense beam isate set of evolution equations for the fields propagating in the
incident on a noncentrosymmetric crysfal. In early theo- waveguide structure. We define overlap integrals, which de-
retical papers it was pointed out that in addition to a secondtermine the efficiency of the process and provide a tool to
harmonic wave a static electrical field should be generate@ptimize the device. Finally we derive analytical expressions
[2]. In fact only a few years later it was demonstrated that 40 describe the overall conversion process.
short Vo|tage pu|5e is induced by an 0ptica| pu|5e propagat- In addition to general considerations of traveling-wave
ing through a quartz crystéB]. Optical rectification has at- optical rectification, the derivation of a consistent description
tracted constantly growing interedor an overview, see e.g. Of a system including optical and microwave fields is a chal-
Ref. [4], and references thergirThis is because it provides |€nging task by itself. For example the slowly varying enve-
an easy and elegant way to transfer the optical power into al®P€e approximation cannot be applied to the microwave do-
electrical signal, which is available for further processing. Inmain in a straightforward way, although it has been
the usual nonresonant case, second-order nonlinearities hasccessfully used to describe the propagation of optical
an instantaneous response, and therefore the induced elecfHlses with even less than picosecond duration. Some at-
cal signal can in principle be as short as the initial opticaltempts have been made to describe the propagation of micro-
pulse. The generated short voltage shock can be used féfave pulses on nonlinear transmission lines, and the result-
device testing and sampling applications. Using a pulsed lang evolution equations are usually related to the Boussinesq
ser operating in the subpicosecond domain, the generatéd to the Korteweg—de Vries equati¢i,8]. Here our de-
electrical pulse covers a wide frequency range extending tgcription of the microwave field comes close to the latter
the THz domain[5,6], where efficient sources of coherent type of equation, while the propagation equation of the opti-
radiation are not available to date. Another very promisingtal pulse is much more similar to common equations in op-
application of optical rectification is the construction of fasttics, which are based on the slowly varying envelope ap-
photodiodes, which in principle have no intrinsic delay im- Proximation.
posed by the material response. Although much progress has
pe_en made t_owarc_i achieving these goals, Fhe c_onversion ef- Il. BASIC EQUATIONS
ficiency obtained is rather low and a practical implementa-
tion remains to be devised. A breakthrough could be To illustrate our procedure and to give an impression of
achieved by employing waveguiding structures where thehe magnitude of the physical quantities involved we inves-
optical and electrical fields propagate in parallel until a certigate a structurésee Fig. 1 already studied in Ref9]. It is
tain depletion of the pump pulse is reached. In addition to agrown on a heavily doped substrate to provide for the bottom
increased efficiency, this would be a step toward a furtheelectrode. A GaAs core is sandwiched between two AlAs
integration and a more practical device scheme. In fact travilayers to allow for optical guiding. Lateral confinement is
elling wave electro-optic modulators, where electrical andprovided by a rib etched into the cladding layer. It is covered
optical pulses propagate in parallel, come close to this aimwith a metal contact which forms the top electrode. The mi-
crowave field spreads between both electrodes. To avoid
losses due to free-carrier absorption, the structure should be
*Permanent address: IFTO/PATF, FSU-Jena, Jena, Germany. designed in such a way that the optical mode does not extend
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where the propagation constg(w) is mainly real but might
metal strip have a small imaginary part in the case of weak losses. The
absolute value of the field structures defined in E.is

AlAs chosen in such way that the guided mode popgr

GaAs hy

AlAs by |

'doped substrate o Po=2 Re{ f dx f dy[ EOX(HO)*]z]y (2b)

(10014 x
[991‘]\ z M“,[,?lO] does not depend on frequency, and the indernotes the
= y component of the Poynting vector. Now we mix perturbed

and unperturbed fields and derive the following expression
from Eq. (1):

FIG. 1. Structure under investigatiqiop: geometry; bottom:
coordinate system and crystal axes=w=1.8um; h;=hs V. [E X (HUNPeri* | (EUNPert* s 1= unpert % pNL
: =iw(E <P
=0.72um; h,=1.065um; GaAs:eg(w=0)=12.9; er(w= wup) [ ( ) ( ) 1=To ) 3)
=11.404; AlAs:eg(w=0)=9.7, eg(w=wy) =8.374).

to the electrodes. On the other hand, the separation betweége(rzr:)%iglré%t?; uvr\lgei:]ttlér;;?eﬁg\lldesr It?] Eg)asgg;zisg ertlsnt?u c-

E)hirﬁ\;vo E(laet\(/:vt(ra(()a(:]ef) T%th(;n%e ST?JI t&? gr?;/:ge %g‘;xméu"#;re (x andy directions. Finally only thez component of the
veriap pu licrowave Tields. US€ Qlactors on the left-hand side of E¢B), remains and we
the usual growt100] and cleavind 110] directions we as- obtain

sume the vertical directiofx) to be parallel td100] crystal
orientation. The field propagates into thalirection, which
corresponds to thf011] direction. Taking into account that

in a fcc lattice the only independent nonzero second-order
susceptibility tensor element isl;,;=3x{?) {0, —w)=
—(1/2)n%r 4,1, the optical field is assumed to be TE polarized =i wf de dy(E%)* . PNt (4
(the main component is in thgdirection), where the main
component of the microwave field should be directed into th
x direction (quasi-TM modg Note that no special care was ropaqation direction
taken to optimize this structure with respect to maximum” I_gegause all acting .nonlinearities are weak, we can assume
overlap integrals nor to obtain group-velocity matching. Thethat the mode profiles are not changed by the action of the

values obtamgd belpw for this structure are therefore farpolarization, and that only the amplitudes evolve. Therefore,
away from being optimal.

In what follows we start from basic electrodynamics. In we decompose the perturbed fields into a constant stil

the frequency-domain, Maxwell’s equations in the absencérequency-depende)nfleld shape and into an evolving am-

d
5—iﬂ“dx] dy[EX (H%* + (E®)* xH],

Svhere only the fieldsE, H, and PNt still depend on the

of free charges or currents read as plitude as
VXE:|(1),LL0H, E(X’y'z’w):u(sz)EO(va!w)l
VXH=—iw(eqegE+ PNL), (1) H(ny,Z,w)zU(Z,w)HO(x,y,w), (5)

whereE andH denote the electric and magnetic fields, re-and transform Eq(4) into

spectively. Both depend on the angular frequea@nd both

are influenced by the nonlinearly induced polarizatiif.

The waveguide structure including the metal layers is deter-

mined by the relative dielectric constart(X,y). o andug

account for the free-space permittivity and for the free-space i w o NL

permeability, respectively. = p_f dxf dy[E°(X,y,0)]* - P™(X,y,Z,0).
Because optical nonlinearities are usually very weak, we 0

first consider the unperturbed cag®'{=0). Unless other- (6)

wise stated, we do not restrict considerations to particular

frequency domains, and therefore include both the opticaFxpression6) describes any field evolution in the frequency

and microwave modes in a consistent description. The wavedomain without making critical assumptions. Unfortunately

guide is a Sing|e mode with respect to the above_mentioneﬂ']e nonlinear polarization eXpressed by the electrical fields

polarization directions in both the optical and microwavedives rise to convolution integrals in the frequency domain,

domains. The corresponding unperturbed mode profiles af@aking a deeper insight into the field dynamics virtually

assumed to be known and to have spatial structures like impossible. Therefore, the alternative time domain descrip-
tion of Eq.(6) will be derived. To this end we concentrate on

EU"PeTx,y,z,w) =E%(X,y,w)exfdi B(w)z], the two relevant frequency regimes, i.e., around the carrier
frequency of the optical wave,, and around the origim
HUPeX,y,z,0) =Ho(X,y,0)exdi B(w)z] (23 =0. We now expand the propagation constg@tb) of the

u,(z,w)

Ja .
E—lﬁ(w)
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guided modes around the respective frequencies. In the catgeen the two regimgs Some remarks on the influence of
of the optical field this expansion is trivial, and results in thetheir frequency dependence on the final evolution equations
following Taylor series: will be made later.

A further difficulty may arise if one tries to evaluate the
field structures defined in E¢Ra), the guided powe(2b), or
the propagation constan{gh) exactly at zero frequency.
Strictly speaking, all these quantities are defined as results of
wherew, is the carrier frequency, anBlp, vopt, andDgy  a limiting procedure toward static conditions. It turns out that
denote the mean propagation constant, the group velocitfor vanishing frequencies all fields are transversal=0)
and the dispersion of the optical pulse, respectively, definednd real valued. In this case it is convenient to replace the

W™ Wopt Dopt

B(w)=Bopit Vo +T(w_w0pt)2+"" (79

as, optical power by an electrical ong,:
1 nge" 9B Po u?
= —_—— = —] =— =i 0>< 0y* = —
IBOpt B(wopt)a Vopt c dw| Pel 2 lITOR(E{deJ dy[E"X(HY) ]z] 7
®=Wont
and which can be expressed in terms of the voltagbetween
both electrodes and by the impedanceof the structure.
B Also, most of the other quantities which define the micro-
opt— 5,2 o wave propagation can be expressed by common electrostatic

opt guantities, as was done in R¢8].
Now we insert Eq.7) into Eq. (6) and perform the in-
'verse Fourier transform. We end up with propagation equa-

an%c the velt?]cny .Of light mfyalgqum. tered nel0 tions in the time domain for the microwave and optical
ecause the microwave field is centered arownd0, we  go|4¢ respectively:

expand the propagation constant at this point. The reality
condition require3(— w)=— B(w)*, and results in the ex-

wherengi** represents the group index of the optical wave

d Amic 1 9 C“;"nic 9 Tmic J°

bansion 2" 2 Tt 2 a2 6 od|imelzY
i 1) i T
— ) o _ //' 2 mic 3 . 1 (9
B(w) 2 am|c+ Vmic+ 2 amlcw + 6 @ + ' (7b) == 2p IE dxf dyEgﬂc(Xavazo) PmiC(Xayvzvt)y
e
with (8a)
1 nZow B g 1 9 Doy
amic=2 1M B(0)], Vmic_ P =R %wo), [5"‘ ZNE‘HTEZ Uopi( Z,1)
1 J
. 9B B :—(iw —_)
A= |m(m wo) and Tic= R{m - Po opt ot
where n%2" js the group index of the microwave mode, Xf dxf dy[Egp(X.Y, @op) 1* - Popd X,Y, Z,1),

which coincides with its effective index at=0, a,. and

n

amic are the linear and nonlinear loss coefficients, respec- (8D)

tively andTpyc is the dispersion coefficient. Note that in EQ. The fast varying phaseé.e., exti Blwop) Z— i wopt]) have

(7b) purely real and purely imaginary coefficients alternate peen removed from Eq8h). The total electrical field is now
The expansion around zero frequency is always justified Unsgnstructed as

less the microwave spectrum touches material resonances,

especially those_ of lattice vibrations. In this case the IatterE(x,y,z,t):[uopt(z,t)Egpt(x,y)exp(iﬁoptz—iwoptt)+c.cJ
frequency domain has to be treated separately, and a further

evolution equation for the evolving phonon mode has to be +umic(zat)E?nic(va)a

taken into account. Here we restrict our considerations to the ) )
simplest case, where no additional resonances influence tifgere c.c. denotes the complex conjugate. The nonlinearly
field evolution. For both the microwave and optical fields weinduced polarization is decomposed into different frequency
terminated our expansion after the first dispersive termComponents as

which causes the pulse to spread even in the absence of . _ . .

losses. In general the field profiles which enter the overlap PPy, 2,0 =[Pop(X.y, 2, ) eXpli BopiZ ~ i wopit) -C.C]
integrals in Eq(5) also exhibit some frequency dependence. + Pric(X,Y,Z,1).

However, a considerable part of this has been removed by

the normalization to the frequency-independent guided modAlthough the optical field is described in a complex notation,
power p, introduced in Eq.(2b). In what follows it is as- in the nonresonant case the nonlinear polarization is in phase
sumed that the field structures are invariant within each sepawith the driving field, and all quantities related to the micro-
rate optical and microwave reginiput normally differ be- wave fields are real. Note that the driving term of the micro-
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wave evolution is the first time derivative instead of the non- ' : ' :
linearly induced polarization itself. In contrast the optical % 4or
field is influenced directly. Now we are going to express the £
relevant components of the nonlinear polarization by the g s0r
electrical field explicitly, while taking into account only the e
main polarization directions. Hence we assume that the op- 2 20
tical field is polarized in theg (TE) direction, and the micro- 2
wave field in thex (TM) direction and end up with the ex- g 10
pressions: = o
€0
[Pmiclx=— 7)((2) [Egpt]iluoptjz 0 Length in cm
and FIG. 2. Microwave generation by two interacting optical waves,
[Popt]y: _ SOX(Z)[E?nic]X[ Egpt]yumicuoptr (9) power evolution vs distance for finite and vanishing loggesam-

eters as in Table)l

wherex(?) is the second-order susceptibility of the material.

Here it is assumed that the crystal orientation corresponds terowave is defined by the field amplitude &%(z,t)

the usual configuration depicted in Fig. 1, and the only inde— \/ZUmic(Z,t), whereZ is the impedance of the structure.
pendent nonzero tensor elemenyf& = x{2}. For other ori- Although the set of equationd0) looks rather compli-
entations of the guide or for other material systems the releated it is much easier to be handled than the original Max-
evant coefficients may vary, but the basic structure of thavell’s equations. Due to the lack of a second derivative in
equations remains the same. Additional terms including ahe z direction it separates forward and backward propaga-
term which solely contains the square of the microwave fieldion, and both analytical and numerical treatments are sim-
may arise if the basic field structures have other polarizatioplified considerably. It is interesting to note that the linear
components of considerable magnitude. For simplicity, wepart of the above equation for the microwave was previously

concentrate on the simplest case sketched above. derived by Jger to describe the pulse propagation on a non-
Before inserting Eq(9) into Eg. (8), we normalize all linear transmission lin¢8]. Therefore, intrinsic nonlineari-
field amplitudes with respect to the respective guided powiies due to e.g., a carrier motion in the surrounding layers can
ers, be easily included without changing the basic structure of the
Uop= \/auopta U mic= VPelmic equations. Also, additional terms W_hich arise in the case of
mixed polarized microwave fields will not change the essen-
and end up with the final set of equations as tial structure of the equations. Additionally, the optical wave

might be influenced by the cubic nonlinearity of the material.
Here we neglect those effects, and concentrate on the optical
rectification process only. The system of equati¢h® ac-
counts for forward-propagating fields only. In fact a
= Xeft i|uopt|21 (109 b_ackward-propagating mic_rowave_ cquld als;_o have been ex-
ot cited. Its evolution equation coincides with that of the

d Xmic 1 9 a;]ic 9 Thic 3
9z 2 vmedt 2 a2 6 atd

mic

9 1 0 Degd _ forward-propagating fielflsee I_Eq.(_loa], except for the op-
P+2lwop¢(eﬁu mic}uopt posite sign in front of thg depvapve and the nonllnean_ty.
Although the backward field is driven by the same nonlinear
J term, its amplitude is usually negligible, as we will demon-
= 2 Xeff E[Umicuopt]v (10b) strate later.

Note that the electro-optic coefficient which describes the
where the efficiency of the nonlinear coupling between botrfction of the dc field on the optical wave is related to the
fields is defined by the following overlap integral: rectification coefficient which drives the microwave field

through permutation symmetf{3]. Provided that we are far
_ %o (2)F=0 121 =0 from material resonances, the electro-optic coefficient
Xeﬁ_zpo\/p_elf dXJ dyx [ EoptlylEmic 1~ (11) (wopXer) in Eq. (10b) is real and does not give rise to an
energy exchange. Energy conservation is ensured by the time
Note that both the field structures as well as the nonlineaderivatives of the remaining nonlinear terms. If we included
coefficient y(?) depend orx andy. To evaluate all relevant frequency-dependent field profiles in E(L1), additional
coefficients of the sample depicted in Fig. 1, we determinedhigher time derivatives of the nonlinear terms would appear.
the microwave mode by solving Laplace’s equation in the
stationary limit[10]. The optical mode was calculated by a
finite-difference scheme similar to that introduced in Ref. IIl. UNDEPLETED PUMP APPROXIMATION
[11]. For the tabglated value of the second-order s_usceptibil- First the case where the amount of generated microwave
ity for GaAs, x{%5=200 pm/V [12], the overlap integral energy is negligible and the optical wave is almost unaf-
amounts toye=8.3< 10~ **s/myW. fected by the rectification process will be examined. Further,
It is sometimes more convenient to refer to the generatethe dispersive effects on the optical wave shall be neglected
voltage instead of the power levels. The voltage of the mi{D,,=0), and the optical wave is assumed to propagate

5 VOpt at 2
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without any changes. Under these circumstances we have stant, which corresponds to a constant dc voltage, and which
deal with Eq.(10a only, and the optical pulse enters as ahas to be determined from the boundary conditions. A real
given inhomogenity of a linear differential equation only. In power transfer does not occur in the cw case. The most
what follows we also neglect the backreflection at the outpusimple nonstationary case is that of an optical field consisting
of the guide. of two frequencies ¢,+ dw) of equal amplitude which are
slightly detuned from each other, and hence generate a beat
signal atéw. The optical amplitude is launched &k),(z

Strictly speaking, the system of evolution equatigh6) =0,t)=U,coswt), and the generated microwave field de-
defines the microwave field except for an integration convelops as

A. Two optical frequencies

Umic(zxt)=Xeﬁ5w|U0|2

. 4 X mic " 2 . 1 2 3
exp2idw|t——|||1—expg— +2api 00+ 2i| dw —— |+ 50w Tic| [ Z
Vopt 2 Vmic  Vopt 3
X Re
25‘0( - I +f5w3T ic— 1 ﬂ:—|—2a"-5w2
Vmic Vopt 3 mic 2 mic
(123
In the stationary state it oscillates at double the beat frequency, and the average power developgliiredttien as

_ 1 X6rdw?|Uql*
Pmic(Z) =5 2 ] 2

2260 2= ) 2 50T | +] 24 207 502

w Vimic . Vopt 3 W~ Tmic 2 A yjcOw
Amic ) _ 1 1) 2 . 2
X|1—expg — +2ami b |z|exp 2i| dw —— |+ 560 Tyic|Z (12b
2 Vmic  Vopt 3

Hence we find an oscillation of the microwave power, which in the presence of microwave losses are damped and a stationary
state is approache@ee Fig. 2 Hence the length of a microwave generator based on optical rectification should be chosen
carefully to obtain optimum results. The maximum generated microwave power can be as much as four times as high as the
value finally approached in the stationary limit.

B. Pulsed pump fields in non-velocity-matched geometries

The rather low conversion efficiency obtained for two interacting continuous waves considered above suggests that higher
peak powers are required, and therefore a pulse beam excitation should be preferable. If no special care is taken to match the
group velocities of the optical and microwave fields, the nondispersive terms are by far dominantlifdEqro simplify the
analytical treatment, we therefore neglect all dispersive effects and take into account the nondispersive damping of the
microwave only(i.e., ami.= Tmic=0). To demonstrate that these assumptions are justified for non-velocity-matched configu-
rations, we have also modeled the full system of equatid@swith the parameters of the structure depicted in Fiseke Fig.

3).
Assuming that the field propagation startszat0,! the resulting solution can be obtained by simple integration as

0 0 ®mic
Umic(Z,t) =Upe(t—=2/ Vopt) —Upi(t—=2/ Vmic)ex% T Z|. (13a
The pulse shape, which enters Ef2), is given by
0 y — Xeff ’ amiclz t " ” amiC/Z ” ’
Unict) =17 ] [Uopt )|2_ﬁfixdt |Upd(t")]? ex - 1 W=t (13b)
Vmic  Vopt Vmic  Vopt Vmic  Vopt

Istrictly speaking, this boundary condition corresponds to a transmission line extendihg toith zero nonlinearity forz<0. A
terminated transmission line can be similarly analyzed with a boundary condition of zero curzen® abut this solution only introduces
a small, quasistatic term that can be neglected in most instances.
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' ' a much longer scale, the microwave pulse will follow the
0.2r %= OdB/om (@) optical one while constantly adapting its shape according to
""""" O i 40dB/cm Eq (13b)
i 0.1 °‘mic=100dBlcr," In contrast, a microwave signal which has left the optical
° — Py, (schematic) pulse is subject to internal losses. Its absorption lefigs-
g0 S ally several millimeters or even centimetedgfines a second
g scale,
01}
1
02 10 0 5 ZpE Py (14b)
Time in ps
20 ' " ' after which we find stationary conditions and only the first
(b) pulse remains. In non-velocity-matched geometries the walk-
£ 1.5¢ : 1 off distance is usually much shorter than the absorption
€ length. Within the approximations made here, there is no
£ q0f ) ] advantage in device lengths longer than this absorption
g length. In case of vanishing losses the electrical signal at-
E.C’ 05l 1 tached to the optical pulse is the exact image of the optical
intensity distribution[see Fig. 8)]. With the nonlinear po-
. . : , larization acting as a source for the microwave, losses do not
0.0 -10 5 0 5 result in its extinction but only in a deformation of its shape.
. Time in ps This complicated dynamical behavior is reflected by the
’ ' ' evolution of the electrical energy. It approaches a maximum
1.0} (c)] value when both pulses have just separated. It then returns to
N N about half this value if the second pulse is absoised Fig.
« 0.8F R S g . . . .. .
= S T 3(b)]. The maximum possible conversion efficiency is ob-
& 06f ------------------------------------- tained in the absence of absorption, i.e., if the energy of the
E o4l ,::j.s’ _ ..................................................... ] second pulse is preserved. In case of a Gaussian-shaped in-
w ok %= OdBfem put, Ugp(t) = VPmax€Xp(—t7Toyd, and, neglecting absorp-
02; £ T %= 40dB/cm ] tion, the conversion efficiency defined as the relation of op-
YA T om=100dB/em tical and microwave energies is given
0.0 0.5 1.0 1.5 2.0
Length in mm Qmic 2 ngf Qopt
_ o _ 7= = 7 (15
FIG. 3. Field propagation in a non-velocity-matched geometry Qopt \/; 1 1 Tpulse
simulated with the full set of equatioris0) (all parameters as given Vmie Zpt

in Table I; propagation length: 2 mm; reference frame: copropagat-

ing with the optical pulse (a) Voltage pulse at the output for three For typical frequency conversion the efficiency is propor-
different values of microwave losse$) Contour plot of the micro-  tional to the optical power and the square of the nonlinear
wave power f,c=40 dB/cm; input position of the optical pulse: coefficient. Compared with second-harmonic generation the
t=0; contour lines: each 100W), and evolution of the total mi- group-vek)city mismatch p|ay5 a role similar to that of the
crowave energy for three different values of microwave losses. phase mismatch. As already stated in Ré#], the group-

- ) ] velocity mismatch influences the conversion efficiency criti-
where the positivénegative signs refer to the cases where cally. In the case of an unmatched configuration in the

the velocity of the microwave is largésmallej than that of present examplésee Table), an efficiency of 8.& 107 is

the optical field. _ _ _ _ obtained. In the case of a backward-propagating wave the
Obviously the excited microwave field consists of two yg|ocity mismatch is considerably higher. Even in the case of

parts[see Eq(12a], one traveling together with the optical 5 non-velocity-matched configuration, as studied above, the

pulse (velocity voy), and another moving with the speed of packward-propagating wave corresponds to only 2.7% of the

the microwaver, [see Fig. 8a)]. Consequently the devel- (gtg] generated microwave power.

opment of the system is characterized by two rather different ag already mentioned, the electrical pulse in its final state

sca_les. No further growth of the _rnicrowave field around thes an almost exact image of the optical signal. This remark-

optical pulse occurs after the microwave pulses have sepaple property of non-velocity-matched configurations can be

rated from each other. The respective walk-off length is depotentially employed as a basis for a photodetector with an

fined as extremely high temporal resolution. Another consequence of
T the low conversion efficiency is that the optical pulse is al-
i =~ pulse (149  Most unaffected by the measurement. Hence an optical signal
walk-off— 1 11’

can be recorded in a quasitransparent geometry, and later it
may be used for further applications.

Finally a comparison with second-harmonic generation
and amounts to about 30dm in our example(see Table |  shall be made. Although the evolution equations look very
and Fig. 3. Since the evolution of the optical pulse occurs ondifferent, the basic scaling properties are the same due to the

Vmic  Vopt
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TABLE I. Characteristics parameters of the structure depicted in Fig. 1. The wavelength selected here is
for illustrative purposes only, and, although it lies with the two-photon absorption band of GaAs, this
nonlinear loss process is neglected. In practice it would probably be necessary to employ a combination of
alloy composition and wavelength corresponding to sub-half-band-gap frequencies.

Quantity Symbol Value
structure group index nopt " 3.55
optical locity dispersi D 1.3x10 &
properties group-velocity dispersion opt . m
structure impedance z 53.60)
microwave group index naedP 2.55
properties dispersion of the i 0
damping
third-order dispersion Tmic 1.1x1073%s%m
structure nonlinear coefficient Xeff —8.3x10 “s/myw
electro-optic electro-optic coefficient 1
properties _ 200Ke 28.4—
\/Z mV
optical pulse wavelength N 1.5 um
(Gaussian
duration Tpuise 1 ps
peak power Pmax=Ugpt 1 1kw
pulse energy Qopt 1.25nJ
quadratic interaction involved. However, a remarkable dif- D. Velocity-matched structures

ference is the absence of an oscillatory behavior. While in \ow et as assume that our main focus is not a fast-
non-phase-maiched geometries up and down conversion pisnonse photodiode but an effective microwave generator,
the second-harmonic power alternate, a stationary state I§,q that a considerable increase in the conversion efficiency
readily approached in case of non-velocity-matched opticalg required. For the purpose it is essential to achieve velocity
rectification. The reason for this somehow unexpected ber'natching between the microwave and optical modes. Re-
havior is that the rectification process produces a respons&ntly much effort has been devoted to achieving this goal.
centered at zero frequency, and therefore the phase of thg yayeling-wave geometries the efficiency of electro-optic
optical wave does not influence the microwave field. Never,,qjation can be greatly enhanced if electrical signals and
theless mter_ference bgtween different microwave compOgniica| fields propagate with the same velocity. While the
nents can still play an important role. The formation of thej,,ence on the optical mode is basically limited, the speed
steady state given by E¢L3b) can be understood as a mi- ot the microwave field can be easily modified. Almost com-
crowave field generated at one slope of the optical pulséyete yelocity matching while maintaining low losses was
which then crosses the optical pulse due to the respectwleeported in Ref[15]. In the optimum case the group veloci-
velocity difference, and is finally eliminated while interfer- yoq of hoth waves coincide. the walk-off distance defined in
ing with microwave components generated at the other slopgq_ (149 diverges, and exp;ressic(rl3) is no longer valid.

of the optical pulse. Then the microwave field evolves in the absence of disper-
higher-order dispersive terms in E¢LO3Q. By numerical

sive effects as
Amic
1 exp( > z)
simulations of non-velocity-matched configurations on the
basis of the complete system of equations, it is found that th&lote that the temporal field structure has changed from the
influence is almost negligible. In any case it is observed thahon-velocity-matched cagsee Fig. 4a)], being proportional
the only significant effect is on the second pulse, which sepato the derivative of the optical power, rather than the optical
rated from the optical wave at the beginning. Provided that ipower itself. The main reason for this is the significance the
is not already absorbed by strong losses, it starts to spreagtlocity mismatch term in Eq103. In the limit of vanish-
due to the influence of third-order dispersion. In contrast, theng absorption, Eq(16) indicates that the field grows linearly
pulse attached to the optical signal remains almost unafwith z and that the evolution of the pump wave can no
fected. Only for very long propagation distances can a cerlonger be neglected above a certain rate of conversion. In the
tain influence be perceived. However, if this is the case, thease of a Gaussian puléenergyQ,;and durationl 59 the
changes in the pump wave can no longer be ignored. There&onversion efficiency» in a velocity-matched structure
fore, we come back to this point later in Sec. IV. amounts to

C. Dispersive effects on the microwave propagation

Before dealing with the velocity-matched case, a short U, (z,t)=2 et

comment will be made with regard to the influence of the Fmic

J
E|Uopt(t)|2'
(16)
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o Qne_ 8 [1-00= a2 Qun /A
7 QOP‘ \/;XEﬁ Emic T|3)ulse. i 4t A ;
1 = 2f E
17 5 2
In the case of vanishing losses, expresgibn) grows pro- % ok
portionally to the square of the length. Note the much stron- > 4 ]
ger dependence on the pulse duration compared with non- Y E
velocity-matched configurationgsee Eg. (15)]. Hence ' B
optical rectification is much more efficient for ultrashort 6 4 '2.|.. mo 2 4 6
pulses. In the case of the structure depicted in Fig. 1 and for 3.0 e : ?m F.)S R
typical pulse parametef3able |), a conversion efficiency of o5k l ®)
1% is reached after a propagation length of 3.2 cm. £
Coming back to the pulse shape described by(E6), we o 20t D E
find that for a typical optical pulse the spectrum of the gen- = 15
erated microwave now exhibits a nonzero carrier frequency. S 10 ]
To a certain extent one may regard the generated microwave o o5k
as a single-cycle pulse with a carrier frequency defined by )
the pulse duration as R S e
5 Time in ps
Omic™~ 37— (18 1000 o
pulse
= 800 ]
Because the rectification process is insensitive to the optical £ soob
phase, one may easily tune this carrier frequency by chang- g
ing the duration of the optical pulse by e.g. dispersive broad- S 400 3
ening. 200F
A simulation based on the complete set of equatises o , AN
Fig. 4(a)] shows certain deviations from the analytical results 6 -4 2 0 2 4 6
obtained above. Due to the much longer propagation dis- Time in ps

tance, the third-order dispersion of the microwave starts to _ o _ _ _
play a considerable role and the emitted radiation is now FIG. 4. Field evolution in a velocity-matched conflgurat(%?’;

obvious. Also the optical pulse is now depleted by the actiorfameters as in Table I, except for the group indiofg™ ngg;

of the nonlinearity, and can no longer regarded to be constarit© @nd propagation length: 3 crayyc=5 dB/cm). (a) Voltage
[see Fig. 4¢)]. pulse at the outputb) Contour plot of the microwave powéinput

position of the optical pulse:=0; contour lines: each 0.2 JA(c)

Optical pulse at the inpytlashed lingand at the outputsolid line).
IV. INFLUENCES ON THE PUMP WAVE

_Inafirst instant one would guess that for the low conver-hree orders of magnitude smaller than the comparable coef-
sion efficiencies reported above the pump wave remains Unicient (ocn, /A.q) which originates from intrinsic cubic non-
affected. Numerical investigations reveal that although th§inearities. However, there is considerable scope for enhanc-
power of the optical pulse does not significantly change the'rqang this effect by improving the velocity matching in a slow
is a nonlinear evolution in its shape. The reason for thiSyaye structure, and, furthermore, by tuning the sign of the
behavior is the action of the microwave on the optical fieldye|ocity difference the sign of the effective cubic nonlinear-
via the electro-optic effect. Already for a rather low conver-ji, can pe changed. Hence a negative effective nonlinearity
sion efficiency, as in the example depicted in Fig. 4, thecan pe induced which would allow for soliton formation un-
induced voltage reaches a peak value of 6.1 V which is Ofjer the presence of normal group-velocity dispersion, as is
comparable magnitude to those used in electro-optic modysgyally found in semiconductors. In numerical simulations of
lators. Its influence on the propagation of the optical field isy velocity-matched structufsee Fig. 4b)], we indeed ob-
considerable because it inducesrphase shift after 1.8 cm  geryeqd a considerable narrowing of the optical pulse instead
of propagation. . ) of dispersive spreading. This effective third-order nonlinear-

In the case of a non-velocity-matched configuratié@e iy arising from a cascade of second-order nonlinearities has
Table ), we can estimate this action on the optical field by a8pee extensively studied with reference to second-harmonic
pseudocubic nonlinearity which is characterized by an Effecgeneratior[m]. There are, however, a number of differences

tive cubic coefficienty; as with the rectification cascade process; for example, the phase
D2 of the intermediate frequency is irrelevant here.
ya= opt Xeff , (19) Of course in more detailed investigations the intrinsic
1 1 third-order nonlinearity of the semiconductor has to be taken

into account as well, and may balance the index changes
induced by the rectification process to a certain extent. A
which amounts to abouy;=—5.2x10">m W' in the detailed analysis of this nonlinear interaction is beyond the
case of our non-velocity-matched sample. This value is abowgcope of this paper, and will be considered elsewhere.

Vopt  Vmic
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V. CONCLUSIONS much higher conversion efficiencies can be achieved. In this
. . . . case the action of the generated electrical voltage on the
scr\ilggsh?r\]/; ?nirtl\tjgﬁ ;ss;gogtii\amgp%%ﬁg;a;ggsm\'\i@r'gc\/:\?eoptical pulse via the eIectro—op_tic eﬁeqt has to be f[aken _into
oulses linked together by a quadratic nonlinearity of the magccount. It Ieads. to an eff(_actlve cubic nonlinearity which
. . SN —.“may allow for soliton formation.
terial. In the case of small conversion efficiencies, which is
by far the most realistic, analytical expressions are derived
which describe the generation of microwave signals. It turns
out that in non-velocity-matched configurations a steady
state is quickly approached, and no further evolution is ob- The German Research Foundati@FG), the Engineer-
served beyond a certain propagation length. The generatedg and Physical Sciences Research Cou(ie®SRQ, and
microwave pulse is an almost exact image of the optical onethe Jane Draper endowment are thanked for financial sup-
making optical rectification suitable for fast and distortion- port. We also acknowledge useful discussions with J. M.

free pulse detection. For velocity-matched configurationsArnold.
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