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The first observation of dc-electric-field-induced optical rectification is reported. In this process a dc 
polarization is produced in a medium (in this case nitrobenzene) by the simultaneous presence of dc and 
optical electric fields. The relation between this process and the Kerr effect is found to be consistent with 
that predicted by permutation symmetry. A bolometerlike response also seen in these experiments is 
discussed. 

PACS numbers: 42.65.-k. 78.20.Jq 

Optical rectification! refers to the generation of a dc 
electric dipole moment in a medium by an optical beam 
propagating through it. Optical rectification and second
harmonic generation are both forbidden in centrosym
metric media but this symmetry restriction is lifted in 
the presence of a dc electric field. dc-electric-field
induced optical second-harmonic generation was first 
reported by Mayer2: we now wish to report a demon
stration of dc-electric-field-induced optical rectifica
tion (DCIOR). 

This process can be described by a coefficient 
X(O;O, w, - w) which relates a de polarization amplitude 
po to a product of optical and dc electric field ampli
tudes (EW and EO respectively): 

(1) 

The factor % and other details of conventions used here 
are discussed in Ref. 3. It may be noted that the analo
gous expression for the dc Kerr effect is 

and the elements of these two tensor coefficients are 
related by permutation symmetry4. 

(2) 

(3) 

Thus nitrobenzene, having the largest known Kerr co
efficient, is the natural choice for a demonstration of 
electric-field-induced optical rectificationo We have ob
served additional effects not related to DCIOR and 
these will also be described. 

A schematic diagram of the apparatus is shown in 
Fig. 1. A 5-MW 20-nsec ruby laser pulse passes 
through a nitrobenzene-filled Kerr cell with electrodes 
typically maintained at a potential difference of 10 kV. 
Fast changes in this potential (with amplitudes in the 
mV range) generated by the passage of the laser beam 
are amplified and displayed on an oscilloscope. Provi-
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FIG. 1. Schematic diagram of the apparatus. 

276 Applied Physics Letters, Vol. 30, No.6, 15 March 1977 

sion is made for monitoring and varying the laser 
power and rotating the plane of polarization of the 
linearly polarized incident beam. Oscilloscope traces 
for various values of the angle 8 between the optical 
electric field and the applied dc field are shown in 
Fig. 2. 

Two components of the signal shown in Fig. 2 may be 
distinguished: (i) A negative signal (tending to decrease 
EO) with time dependence similar to the laser power and 
with marked polarization dependence. (ii) A steplike 
positive signal with magnitude independent of laser beam 
polarization. 

In addition, on a longer timescale than is shown in Fig. 
2, a third component is seen: (iii) A negative signal 
with rise time -1 jJ.Sec. We will return to a discussion 
of (ii) and (iii) after first considering (1) which we be
lieve to be due to DCIOR. 

It can be shown that the peak DCIOR signal voltage 
V(8) is related to the nonlinear coefficient by 

and 

V(8) - V(i7T)=-Eop cos28[487T2/nfwc] 

x[X"y,(O;O,w, -w)-X"xx(O;O,w, -w)] 

(4) 

V(O)/V(i7T) =Xym(O;O, w, - w)jXym(O;O, w, - w), (5) 

where P is the peak laser power, f is the dc dielectric 
constant of nitrobenzene, W is the width of the Kerr cell 
plates, and C is the speed of light. Forming the dif-
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FIG. 2. Tracings of oscilloscope photographs of the signal for 
various values of the angle 0 between the optical and dc elec
tric fields. The vertical scale refers to signal voltages at the 
oscilloscope where 5 mV corresponds to 4.2 mV at the cell 
unloaded by the preamplifier. The laser pulse is also shown. 

Copyright © 1977 American Institute of Physics 276 



ference V(e) - V(-!-7T) between observed signals serves to 
extract the polarization-dependent component (0. This 
difference is found to be linear in P, in EO [see Fig. 
3(i)] and in cos2e (see Fig. 4) as predicted by Eq. (4), 
and the measured magnitude of V(e) - vtrr) together with 
Eq. (4) yields a value for the coefficient: 

= + 1. 2 X 10-10 esu ± 30%, 

where the uncertainty is mostly due to uncertainty in 
the laser power calibration. This value may be com
pared with 

= nB\/67T = + 1. 6 X 10-10 esu, 

(6) 

(7) 

where B, the Kerr coefficient at 20°C and 6943 A, has 
been estimated as 2.78 x 10-5 esu from data given in Ref. 
5. It should be noted that the optical pulse duration is 
much longer than orientational relaxation times for 
nitrobenzene so that the use of the dc Kerr coeffiCient 
here is appropriate. We conclude that the observed 
signal component (0 is due to nCIOR and that the 
numerical agreement between Eqs. (6) and (7) confirms 
the prediction [Eq. (4)] based on permutation symmetry. 

The consequences of laser beam polarization modifi
cation by dc and optical Kerr effects should be con
sidered. The nCIOR signal is not changed by either 
effect individually, and whereas the two effects in com
bination can produce a change, that change is negligibly 
small in these experiments. We see no evidence of 
self-focusing in the beam emerging from the cell. 

The ratio Xyyyy( - w;w, 0, O)/XyyxJ - w;w, 0, 0) has been 
measured6 to be - 2, and the corresponding ratio can, 
in prinCiple, be extracted from the measured V(e)j 
V(t7T) using Eq. (5). In practice, however, lack of de
tailed knowledge of the step-function signal (ii) and 
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FIG. 3. Magnitude of signal components (i) and (ii) (see text) 
as functions of the applied dc electric field. Vertical scale re
fers to signal voltages at the oscilloscope input as in Fig. 2. 
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FIG. 4. Dependence of peak DCIOR signal on laser beam polar
ization. (Signal normalized to unity at () = 0°). 

noise (see Fig. 1) preclude drawing a meaningful con
clusion on this ratio from our data. 

The step-function signal (ii), we believe, is due to 
optical absorption in the nitrobenzene leading to a de
crease in the dielectric constant with increasing tem
perature at constant density (p). Such a signal would 
be positive going (tending to increase the applied dc 
field) and would evolve in time as the integral of the 
laser power and its magnitude (V. tep) would have the 
same linear dependence on P and EO [Fig. 3(ii)] as the 
DCIOR signal but, in contrast to that signal, would be 
independent of polarization angle (). The observed signal 
has all these characteristics and the measured ratios of 
step height to maximum DCIOR signal is about 0.8. An 
expression for this ratio may be written 

V. te • __ ~) kTW 
V(O) - V(t7T) - aT. 167T2CvPB' 

(8) 

where T is the laser pulse duration and Cv is the speci
fic heat of nitrobenzene. We use ae/aT)p = - O. 2°C-1 

as an estimate for oe/oT)p and a measured value for the 
optical absorption coefficienf k = 2.3 X 10-3 cm-1 (corre
sponding to O. 5% absorption over the 2-cm length of our 
cell) to evaluate the expression on the right-hand side 
of Eq. (8). This yields the value 0.3 which, considering 
the uncertainties involved, we find to be in satisfactory 
agreement with the measured ratio, 0.8. It may be re
marked that this response corresponds to a bolometer 
(of modest sensitivity) with fast (subnanosecond) re
sponse time. Such a bolometer could be realized for 
radiation of any frequency where a polar fluid of suit
able absorption length and high resistivity is available. 

The third signal (iii) is negative going with a time 
constant of about 1 J.jSec and varies erratically from shot 
to shot. We conjecture that this may arise from the 
generation of mobile charges from dust particles sus
pended in the nitrobenzene, within the laser beam. 
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*Research supported in part by the U. S. Air Force Office of 
Scientific Research under Grant No. 72-2302. 

tPresent address: Perkin-Elmer, Norwalk, Conn. 
1M. Bass, P.A. Franken, and J. F. Ward, Phys. Rev. 138, 

J.F. Ward and J.K. Guha 277 



A534 (1965); J.F. Ward andG.H.C. New, Proc. R. Soc. 
A 299, 238 (1967); D. H. Auston, A. M. Glass, and A. A. 
Ballman, Phys. Rev. Lett. 28, 897 (1972). 

2G. Mayer, C.R. Acad. Sci. (Paris) 267, 54 (1968). 
3J. F. Ward and G.H.C. New, Phys. Rev. 185, 57 (1969); 
B.J. Orr and J. F. Ward, Mol. Phys. 20, 513 (1971). In this 
reference, K(O;O,w, -wi is erroneous given as 3/8: the cor-

rect value is 3/2. 
4P.S. Pershan, Phys. Rev. 130, 919 (1963). 
5Landholt-Bornstein (Springer-Verlag, Berlin, 1962), II-8, 
5-849. 

6M. Pauthenier, Phys. Radium 2, 183 (1921); J. Minard, 
C.R. Acad. Sci. (Paris) 250, 694 (1960). 

7R. Marshall (private communication). 

Diffraction-limited KrF and XeF lasers with a negative
branch unstable resonator* 
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Diffraction-limited performance has been achieved in discharge-excited KrF and XeF lasers by using an 
unstable resonator configuration. A peak power of 5 MW (50 ml) was produced from a Blumlein circuit 
with stored energy of only 5 I. 

PACS numbers: 42.55.Fn, 42.60.Da 

Recent work on noble-gas halide exciplex lasers has 
led to their recognition as high-intensity sources of 
ultraviolet radiation. 1-4 Many of the efforts in this field 
have been aimed at scaling these lasers in standard 
configurations to larger active volumes and higher pulse 
energies. However, the large mode volume intrinsic to 
their operation also implies that an unstable resonator 
configuration5 would lead to significant improvement 
in the output characteristics, particularly the spatial 
properties of the output beam. In this paper, we de
scribe a high-brightness KrF/XeF laser employing a 
negative-branch unstable resonator. This novel design 
produces a 5-MW (50-mJ) pulse in a near-diffraction
limited beam from a modest Blumlein configuration 
having a stored energy of approximately 5 J. 

A schematic diagram of the laser is shown in Fig. L 
The Blumlein circuit was fabricated from a copper-
clad fiber-glass-epoxy-Iaminate circuit board3 (92 cm 
X122 cmxO.16 cm), etChed where necessary to provide 
an insulating surface. The discharge channel (90 cm 
x 7 cm x 3 cm) was made of glass, with quartz end 
windows slightly tilted, and with nickel-plated elec
trodes (87 cm long, separation L 8 cm) cemented in 
place with epoxy. These electrodes were designed to 
provide an unsymmetrical excitation volume and uniform 
discharge: the cathode was a sharpened electrode of 
0.1 cm radius at the point and the anode was flat faced, 
1. 2 em wide. A triggered spark gap, 6 pressurized to 
30 psi with nitrogen, initiated the discharge. At a maxi
mum operating voltage of 30 kV, the energy stored in 
one half of the Blumlein circuit was estimated to be 5 J. 

With the selection of helium: noble gas: fluorine as 
the laser medium, some care was required to ensure 
the safe handling of the fluorine. This problem was 
readily solved by using a dilute (2%) mixture of fluorine 
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in helium, and by keeping the total volume of fluorine 
at a minimum. A small Monel vacuum system was em
ployed to prepare the gas mixture. After an initial de
gree of corrosion during passivation, the nickel-plated 
electrodes have successfully withstood the contact with 
fluorine, even after several months of operation and 
approximately 105 discharges. 

The optics for the unstable resonator consisted of 
two concave mirrors (M1 and M2 with radii of curvature 
100 and 200 cm, respectively, separated by 150 cm) 
and a diagonal coupling mirror as shown in Fig. 1. 
Mirror coatings of Al + MgF 2 optimized for the 2000-
3000-A. region were used and gave reflectivities R > O. 9. 
The choice of a magnification of m == 2 was determined 
by the desired geometrical output coupling, '}' = 0.75 
where'}' = 1- 11m2

• With this magnification, the maxi-
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FIG. 1. Schematic diagram of the unstable resonator configu
ration. MI and M2 are concave mirrors of 100 and 200 cm ra
dius of curvature, respectively, and C is a planar coupling 
mirror. The shape of the output beam is shown in the inset. 
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