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An intense ultraviolet picosecond light pulse at = 27p - g j ^ is generated in water by noncollinear phase matched 
nonresonant four photon frequency mixing of two input picosecond light pulses at frequencies = 18 960 cm - 1 and = 
9480 cm - 1 . An energy conversion of up to Wg/fV^ = w a s achieved. The nonlinear susceptibility components were de­
termined to be X ^ ( - w s ; tc>p, cop, -w L ) = 7.5 X 10"34 Cm/V 3 and x$xy(-us; wp, cop, -coL) = 2.4 X 10"34 Cm/V 3. 

1. Introduction 

Four photon interactions are caused by the third 
order nonlinear polarization x ^ E E E which is the 
lowest order nonlinear polarization term in isotropic 
media [1—3]. Four photon frequency mixing pro­
cesses may be resonantly enhanced when single fre­
quencies, sum frequencies, or difference frequencies 
approach a transition frequency from initial state to 
an excited state [4,5]. The frequency mixing depends 
strongly on the phase mismatch between the involved 
waves [1—5] and optimum conversion efficiency is 
obtained for perfect phase matching. 

In this letter nonresonant, noncollinear phase 
matched four photon frequency mixing [6,7] of pico­
second light pulses in water is studied. A high conver­
sion efficiency is obtained. The nonlinear susceptibili­
ty components are determined. 

2. Theory 

Input pulses of frequencies coP and coL generate 
light at cos = 2coP - coL. The wave vector geometry 
is seen in fig. 1. The phase mismatch is defined as 
Ak = k§ + & L — 2&p. The electric field ZTL is directed 
parallel to the y -axis while the electric field is 
either parallel to the x-axis or to the j-axis. 

The noncollinear frequency mixing is described by 

Fig. 1. Experimental setup. SHG, KDP crystal for second 
harmonic generation; H, harmonic beam splitter; Fl—F3, 
filters; WP, \/2 waveplate; DL, optical delay line; P, polarizer; 
Ml, M2, plane mirrors; PD1-PD3, vacuum photocells, LI, L2 
convex cylindrical lenses (/= 30 cm); L3, L4 concave cylin­
drical lenses (/= -10 cm).Composite focal lengths are 
/(L1-L3) = 35 cm and/(L2-L4) = 60 cm. ID, two photon 
absorber C H 2 I 2 (1 cm) for intensity detection; S, water 
sample; L5 collimating lens (/= 10 cm); D, optical multi­
channel analyser or photodetector. 

the wave equation [5] 
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n is the refractive index and a is the absorption coef­
ficient. Eq. (1) is solved with the ansatz 

A = T/ Ayexp [\{kr - CJ t)] + ex., (2) 

where 4 stands for E and P N L . Using the slowly vary­
ing envelope approximation and the substitutions z = 
z,y' =y ~ (kyy/kyZ)z,x' =x- (kyX/kyz)z, t' = 
t - (uyngy/kyZc2)z one obtains 

N L , T (3) 

ngy

 = n v l i l + ( \ / n y ) d n

y / d \ ] is the group refractive 
index at frequency ojy. Depletion of the input pulses 
is neglected in the mixing process and eq. (3) is only 
solved for/Tg. 

The nonlinear polarization is approximated by the 
lowest order nonlinear term of isotropic media J P N L = 

X^iEEE. The symmetry properties of [2,5] to­
gether with the polarization of the input laser pulses 
(EL \\y-axis,E? \\y or x-axis) lead to 

X EJEl exp(-iMr) 

and 

^NL,S,x = jPNL,S,z = 0 

(j=x for \\x,j = y for.ß'p IIy,ks 1/>NL s ) . 
Integration of eq. (3) with the initial condition 

Es(z = 0) = 0 gives 

tfs(*'y,;',/) 

= i 8 n s c o s w 4 / / y e x P ( - i A M ) 

x / 4 ( x ' , / , ^ , z ) ^ ' ^ ' , r ' , z ) 
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X exp - i [ M z - A&x tan(^)]z 2^ s cos(\I/) 

(5) 

dz, 

where fc^ =wscos cos(i//)/c andx =x - tan(i//)z are 
used ( Z J ^ =E$,Esx = E$Z = 0). The Iphase mismatch 
is M x = &L sin(ip) - & s sin(i//) and Akz = & L cos (<p) 
+ k§ cos ((/?) — 2/:P. The pump pulse amplitudes are 

E?(x,y,z, t)=E0? exp{-| [x2/xj +y2/yj 

+ (f-ttgPz/c)2/fjUapz]}, 

and 

£ L (*, ,y,z ,0 

= E0L exp(4 {[x cos fa) - (z - //2) sin(^)]2/x£ 

+ 7 2/> ;L + - " w g L ( x s i n fa) + z c o s fa)Vc]2/fL 

(6) 

+ a L [x sin (</>) + z cos }). (7) 
In eq. (7) a coordinate transformation of E^ to the 

x,y, z-frame of Ep is performed. The pump beams 
cross in the center of the cell due to term (1/2) sin (<p) 
in eq. (7). tD represents the temporal separation of 
the input pulses. 

The intensity of the generated light signal is obtain­
ed from eq. (5) by averaging^ over fast changes in 
the x direction [15] and by forming the absolute 
square 7S = n^ce^\E^\212. The generated signal energy 
is calculated by integration over space and time 

— OO —o o —oo 

and finally, the energy conversion r? = Wg/^L *s 

fined as the ratio of generated energy at a>s to input 
energy at coL. The experimental parameters involved 
in the calculations are summarized in table 1. 

3. Experiments 

The experimental setup is depicted in fig. 1. A 
mode locked Nd-phosphate glass laser is used [8]. 
Single light pulses are selected with an electrooptical 
switch and increased in energy with an amplifier. The 
pulses have a duration of At^ » 6 ps (FWHM) and a 
spectral width of AvL » 10 cm" 1 (FWHM). The 
second harmonic is generated in a KDP crystal (length 
1 cm). The fundamental laser pulse (y^ = 9480 cm - 1 ) 
and the second harmonic (̂ > = 18 960 cm - 1 ) act as 



Table 1 
Laser and material parameters 

Frequencies 
vL = 9 430 cm"1; ^ = 18 960 cm"1; vs = 28 440 cm"1 

Pulse durations 
t L = AfL/(2vG(2)) = 3.6 ps; fP = 3 ps 

Beam cross-sections 
* L = AxL/(2Vln(2)) = 4.2 mm; x? = 2.85 mm 
yL = 0.065 mm; >>p = 0.071 mm 

Beam divergence 
outside cell 
26>L = 4 X 10"4 20p = 2 X 10~4 2d'^z = 4.4 X 10"4 

inside cell (20 = 2d' cos Gp'opt)/[« cos (<popt)]) 
26L = 3 X 10"4 20p = 1.6 X 10~4 2dSyXZ = 3.3 X 10"4 

Refractive indices at 25°C [10] 
nL = 1.3247 «p = 1.33468 ns = 1.34815 
« g L = 1.33518 « g P = 1.35783 ngS = 1.39823 

Absorption coefficients [11] 
a L = 0.133 cm"1 a? = 3.2 X 10"4 cm"1 a s = 2.3 X 10"3 cm"1 

input pulses in the frequency mixing process. 
The picosecond pulses at frequencies cop and coL 

are separated with a harmonic beam splitter H. The 
optical delay line DL adjusts the pulses for temporal 
overlap in the sample. The angle \p between the input 
beams (outside sample) is changed by translation and 
rotation of the mirrors M l and M2. The composite cy­
lindrical lenses LI , L3 and L2, L4 form line focuses in 
the sample S. The beam extension in x-direction as­
sures spatial overlap of the waves over a long distance 
(ca. 3 cm). Fine tuning of the angle </> (inside cell) is 
achieved by twisting the sample. The change of refrac­
tion angle between input beams is approximately 0.01° 
for cell rotation of 1°. 

The peak intensity of the input pulses at frequency 
cop is monitored by two-photon transmission measure­
ments through methyliodide ID with photo-cells PD2 
and PD3 [9]. The pulse energy at frequency o?L is 
measured with the calibrated photodetector PD1. The 
generated light at frequency = 28 440 c m - 1 is de­
tected either with an optical multichannel analyser 
(energy and space resolution) or with a calibrated 
photodetector. 

A X/2 wave plate WP is used to orient E? parallel to 
EL (coupling constant Xyyyy)- Without the waveplate, 

Ep is directed in the *-direction (coupling constant 
Xyxxy)- Polari2^1 P establishes perfect polarization of 
EL in j>-direction. 

4. Results 

The angular dependence of the energy conversion 
T] = XSWL is depicted in fig. 2. The dashed curve 
Vi^hi^opO i s calculated with the aid of eq. (5). The 
solid curve is obtained by convolution of the dashed 
curve with the angular intensity distribution of the 
input lasers. The optimum energy conversion is re­
duced by the divergence of the input beams by a 
factor of 0.65. The experimental points (o) are ad­
justed to the calculated curves at the theoretical phase 
matching angle <̂ 0 t = arc cos{ [(2fcp)2 + - k§] / 
(4fcpfcL) = 10.685* ( M = 0). Experimentally, an 
angle of ̂  = 10.63° ± 0.08° ( ^ p t = 14.15° ± 0.1° 
outside water) was found. The angular spread of the 
phase matching angle is A</>opt = 0.024° = 4.2 X 10~4 

rad (FWHM). 
The angle \Jj between fcp and k$ is given by the wave-

vector triangle included in fig. 1. (Deviation from a tri­
angular geometry increases | AA:|). One finds \p = arc 
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Fig. 2. Angular dependence of energy conversion. Dashed 
curve, calculated with aid of eq. (5). Solid curve, convolution 
of dashed curve with angular intensity distribution of input 
pulses (see table 1). The data points are adjusted to position 
of peak conversion. External incident angle y is calculated for 
cell orientation normal to bisector of input beams (<p = arc sin 
[(l/«L)sin(v?72)] + arc sin[(l/«p)sin(</>72)]). 

sin{Ä:L sin(ip)/[kl + (2k?)2 - 4k?kL cos^)]^ 2}. For 
perfect phase matching the angle of emission is i / / o p t 

= arc sin[£L sin(</?)/&s] = 3.48° (\l>'ov>t » 4.85° outside 
sample). 

The divergence of the generated light in the xz-
plane was measured with an optical multichannel 
analyser positioned in the focal plane of lens L5 (see 
fig. 1). A divergence 20g^z = 4.4 X 1(T 4 rad was 
found. 

At large phase mismatch angles \y — <popt| > 0.5° 
light of frequency cos is observed at three emission 
angles. The strongest beam is radiated in the above 
described direction. The two other beams are due to 
phase matched interaction of one input pulse with 
stray light of the other input pulse [12]. 

The dependence of the energy conversion on the 
input peak intensity 7Q P is shown in fig. 3 for various 
sample lengths. The calculated curves and measured 
data points are presented for perfect phase matching. 

5° 

z o 
</) on 
LU 

INPUT PEAK INTENSITY I o p [ W / c m M 

Fig. 3. Energy conversion versus input peak intensity /Qp for 
various sample lengths at perfect noncollinear phase-matching, 
up II Z T L II j-axis. Sample lengths / = 2 cm (1, O), / = 1 cm (2, o), 
/ = 0.5 cm (3, •) and / = 0.2 cm (4, •). Curves are calculated 
for x%y = 7.5 X10" 3 4 Cm/V 3. 

At a fixed cell length the energy conversion increases 
quadratically wi th / 0 p . A t / 0 P = 4 X 10 1 0 W/cm2 an 
energy conversion of T? » 0.07 was obtained in a 
water cell of 2 cm length (I0L » 5 X 108 W/cm2). For 
7 0 P > 2 X 10 1 0 W/cm2 the four photon interaction is 
more complex than described by eq. (5): i) The fre­
quency mixing process 2coP — coL -> cos changes over 
to the parametric interaction process coP + cop -> 
coL + C J s where light at frequencies coL and cos is am­
plified (complete equation system 3 should be solved) 
[13,14]. ii) When 7 0 L > TQP depletion of the pump 
pulse at coP has to be taken into account. At 7 0 P = 
3 X 10 1 0 W/cm2 the energy conversion reduced from 
rt = 0.05 for / 0 L « 5 X 108 W/cm2 to 0.035 for IQL 

3 X 1 0 1 0 W/cm . F o r / 0 L > 5X10 10 W/cmz light at 
frequency C J l is reduced by generation of broad band 
picosecond light continua due to parametric four 
photon interaction [13,16]. 

At a fixed input intensity 7 0 P the energy conversion 
increases quadratically with sample length up to a 
length of 1 cm. For longer cells the conversion levels 
down since the spatial overlap of the noncollinear in­
put beams is limited to about 3 cm. For cell lengths 



longer than 3 cm and optimum overlap in the center of 
the cell the conversion r? reduces gradually since the 
input pulse at coL is slightly absorbed in water. 

The duration of the generated light at C J s is deter­
mined by the temporal overlap of the input pulses. 
Calculations of 7s(f) indicate a pulse duration of A^ s 

~3.5ps (FWHM). 
The spectral width of the generated light was mea­

sured with a 0.6 m spectrograph and an optical multi­
channel analyser. A spectral width of A i ^ ^ 10 c m - 1 

was found. 
The polarization of the output light at cos was anal­

yzed with a polarizer behind the sample. In case of 
E? \\EL \\y a depolarization ratio of E^/E^ ^ 0 0 7 5 

was measured (coupling constant Xyyyy)- For/Tp II x 
and 2$̂  II y the depolarization was E^/E^ < 0.12 
(coupling constant X^xxy)- Theory predicts E\^/E\ 
= 0 (ES \\y) in both cases (see eq. (4)). 

The quantitative analysis of the frequency mixing 
process allows the determination of the nonlinear sus 
ceptibility tensor x ^ . In isotropic media the x ^ -
tensor has three independent components Xyyyy» 
X-yxxy an(* y^yxyx • I n o u r case two frequencies 
are equal and only two components are independent 
b§xyx = Ä c = (X$yy - X$xy)l2]. The two com­
ports 4 d > ^ ' 
ing the measured energy conversion with calculation. 
We found \x$Ly(-<A)S\ coP, coP, -co L)| = (7.5 ± 2) 

-/3 = 

are determined by compar-

X 10-" Cm/V 3 = (6 ± 1.5) X 10"A D esu (E? IEL \\y) 
and \xfxxy(-us> ^p> coP, - C J L ) | = (2.4 ± 0.6) 
X 10-^ 4 Cm/V* = (1.9 ± 0.5) X 10" 1 5 esu (E? II x, 
EL \\y). The obtained x^-values are in satisfactory 
agreement with previously reported nonresonant sus­
ceptibility values of water at different frequencies 
[17-19]. 
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