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NONLINEAR optical phenomena form the basis for all-optical
devices such as optically bistable switches and nonlinear directional
couplers’. The suitability of a material for these device applications
requires a large magnitude of the relevant nonlinear effect (in this
case, the third-order optical susceptibility ¥, which is related to
the intensity-dependent refractive index) and a small signal attenu-
ation arising from the linear optical absorption. Conjugated
organic molecules and polymers are of particular interest in this
context: the delocalized mr-electron systems of these materials give
rise to relatively large values of y, with extremely fast response
times, in wavelength regimes where there is minimal background
absorption. Previous theoretical studies” suggested a new enhance-
ment mechanism for the nonlinear optical processes in these
materials through population of the electronic excited states. Here
we show that by optically exciting a linear conjugated molecule
at one wavelength into an electronic excited state for a sufficient
length of time to perform the nonlinear optical measurement, the
value of y® can be enhanced by more than two orders of magnitude
without increasing optical absorption at the probe wavelength.

An electronic nonlinear optical process is said to be non-
resonant when the wavelengths involved are far from any absorb-
ing electronic transitions. Resonant processes generally have
much larger nonlinear susceptibilities, but are slower because
real electronic excitations occur; they also involve considerable
absorptive loss of the optical beam. Nonresonant processes, as
they involve only virtual electronic excitations, are essentially
instantaneous, and avoid attenuation of the optical signal.
The third-order nonlinear optical susceptibility is denoted
X (~ws; 01, 0;, w3), Where w, = (@, + w,+ ;) is the frequency
of the output light in response to light input at frequencies w,,
w; and ;. One standard method for measurement of
x®(—w; 0, v, —w) (where the negative sign of the final
frequency argument indicates that the complex conjugate of the
electric field is involved in the process) is degenerate four-wave
mixing (DFWM), in which two optical beams form a phase or
intensity grating that modulates the refractive index of a material
and a third beam scatters off the grating in an entirely new
direction®.
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FIG. 1 Forward-scattering DFWM ex-
periment. The k, probe is horizontally
polarized, the k, probe is vertically
polarized, and the phase-matched sig-
nal in the 2k, — k, direction is detected
by an infrared active photomultiplier
tube following a system of apertures
and a horizontally oriented analysing
polarizer.
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We have previously presented a theoretical enhancement
mechanism for nonlinear optical processes originating from real
population of electronic excited states in conjugated linear
chains®. Compared with the ground state®?, the calculated non-
resonant third-order optical susceptibility Y (—w4; w;, w,, w;)
of m-conjugated linear chain molecules can be enhanced by
orders of magnitude, or even change sign, when the first (S,)
or second (S,) electronic excited state is optically pumped and
then populated for times long enough to perform nonresonant
measurements of x*(—w,; w,, w;, w;) at frequencies different
from the resonant pump frequency.

Here we report the experimental observation of excited state
enhancement of the DFWM susceptibility x*(~w; o, o, —w)
of a linear conjugated molecule, diphenylhexatriene (DPH),
when the first one-photon allowed mr-electron excited state is
populated for nanoseconds and then probed nonresonantly

through picosecond DFWM.

O NN
DPH shows saturable absorption from the Sy(1 1Al,.;) ground

diphenylhexatriene

state to the S,(1 !B,) excited state centred near 350 nm, with an
excited state lifetime of several nanoseconds®’, and is trans-
parent at wavelengths from 400 nm to greater than 2,000 nm.
Excitation to the S, state is known to lead additionally to
population of the S;(2'A,) state, which lies at a slightly lower
energy®. The precise assignment of excited-state population
densities is irrelevant here; therefore, we refer to the excited-state
population distribution hereafter simply as the S, state, for
clarity. Fresh samples of DPH were dissolved in solutions of
anhydrous dioxane, in concentrations of 1-10x 107> M, and
kept isolated from atmospheric contamination.

The DFWM experiment (Fig. 1) is done using two
orthogonally polarized, 1,064-nm probe beams and a 355-nm
pump beam produced by a 30-ps pulsewidth, mode-locked
Nd:YAG laser. The three pulsed beams, for which the relative
time delays can be variably adjusted, are focused in coincidence
on a thin quartz cell through which the sample selutions flow.
Coherent interference of the two probes in the sample produces
a refractive index grating, and the diffracted intensity of each
probe from this grating, proportional to the square of the third-
order optical susceptibility x*(—w; o, w, —w), is detected. In
this DFWM arrangement there are therefore only two incident
beams, rather than three®. The unique feature of our experi-
mental configuration is that by introducing an intense optical
pump beam tuned to the first electronic absorption band of the
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material, we force a large fraction of the molecules in the sample
to occupy the first optical excited state.

An increase as large as a factor of 100 in the completely
nonresonant 1,064-nm DFWM signal from the highest DPH
concentrations is observed when the 355-nm pump beam satur-
ates the S, absorption as compared to when the pump beam is
turned off. When no pump beam is present, the ground-state
molecular susceptibility ySo(—w; o, w, ~@) of DPH and the
dioxane solvent susceptibility y°(—w; o, w, —@) contribute to
the net observed macroscopic susceptibility

=(f*)[Noy"(~w; o, @, —0)+ Ns,y%(-0; 0, 0, ~w)]

where Ns; and Ny, are the number densities of the ground state
DPH and dioxane molecules respectively, and f“ is the local
field factor. When the pump beam is present, however, the
corresponding macroscopic susceptibility is given by

xP(~0; 0, 0, —w)
= (fw)4[NDyD(_w; w, w, —w)+ NSOYSO(—w; w, w, _w)
+ Ns,7*(~0; 0, 0, ~o)]

where Ng, and v52 are the corresponding number density and
molecular susceptibility for the S, state. The unpumped DFWM
signal is observed to be independent of concentration, demon-
strating that the ground-statey®(—w; w, w, —@) for DPH is
smaller than the experimental resolution of +50x 107¢ e.s.u.
The pumped DFWM signal, however, increases strongly with
increased DPH concentration, showing that the excited state
Y*(—w; ®, w, —w) is more than two orders of magnitude
lar§er than y%(—w; w, w, —w). The measured values of
Xx¥(~w; 0, w, —w) are linearly dependent on the concentration
of the solution, as expected, and yield a value for
Yo (—o; 0, w, —w) of 12,000+ 1,700 x 1073 ¢.s.u. On population
of the excited state, the y(—w; o, w, —w) of DPH at a non-
resonant wavelength is greatly enhanced without introducing
any optical loss.

In all measurements, the DFWM signal is non-zero only when
the probe pulses temporally overlap in the sample (Fig. 2). As
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FIG. 2 Typical DFWM signal of DPH in dioxane with pump on and pump off,
as a function of time delay between the two 1,064-nm probe beams. The
pump delay is set so that the 355-nm pump pulse precedes the probes by
100 ps and the relative delay between the probe pulses is varied. The
unpumped data, which has been multiplied by a factor of 5 for clarity,
corresponds to the background signal from the dioxane solvent, because
the ground-state contribution from DPH is smaller than the detection resol-
ution of the experiment. An enhancement of a factor of 37 in intensity is
shown here for a concentration of 3x107M.
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FIG. 3 Excited-state DFWM signal of DPH in dioxane as a function of pump
beam intensity, demonstrating saturation. The relative delay between the
probe pulses is set to zero, and the pump precedes the probes by 100 ps.
At low intensity, we observe the background contribution from the dioxane
solvent; at high intensity, the excited-state DPH contribution dominates.

the relative delay between the two probe pulses is adjusted, the
DFWM intensity follows the expected autocorrelation of the
two 30-ps pulses. Moreover, when the relative delay between
the probe pulses is set to zero and the pump delay is varied,
the DFWM signal shows a fast rise time followed by a
nanosecond timescale decay in agreement with the probe pulse-
widths and the lifetime of the S, state. This observed asymmetry
with respect to pump pulse timing illustrates that before the
pump pulse arrives, only the dioxane and DPH ground-state
susceptibilities contribute, whereas at times after the pump
pulse, the DPH excited-state susceptibility is detected as it
decays along with the S, population. Additionally, the enhance-
ment of the DFWM signal demonstrates a dependence on pump
beam intensity (Fig. 3) that is in good agreement with intensity
saturation of the excited-state population as found in separate
saturable absorption measurements at 355 nm. Furthermore, we
have done separate transient absorption experiments at 1,064 nm
with excitation at 355 nm and found the excited-state absorption
to be negligible.

We have observed that the DFWM signal is independent of
the polarization of the pump beam, indicating that there is no
coherent coupling between the pump and probes. Thus, the sole
purpose of the pump beam is to create the S, excited-state
population. The orthogonal probe polarizations ensure that the
experimental DFWM signal is due entirely to the electronic
third-order susceptibility of the excited state, and not due to a
thermal grating. Finally, the DFWM signal is in all cases obser-
ved to have the expected cubic dependence on the probe
intensities.

The enhancement mechanism demonstrated here can be gen-
eralized to second-order and other third-order nonlinear optical
processes, and to other material structures, compositions and
phases. The experimental observations reported here to demon-
strate the principle were done on a prototype molecule with a
small ground-state y%(—w; w, w,—w). Furthermore, the
measurements were made in solutions in which the small number
density of excited state molecules with large optical nonlinearity
results in a much smaller ¥*¥(—w; w, ®, —w) than would be
observed in a pure, single substance. We are currently working
on pure polymer thin films where typical nonresonant ground-
state values of ¥ (~w; w, w, —w) of ~107"'-10" e.s.u. are
expected to be enhanced by several orders of magnitude,
possibly leading to figures of merit sufficient for practical pho-
tonics devices. 7
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THE Greenland ice sheet offers the most favourable conditions in
the Northern Hemisphere for obtaining high-resolution continuous
time series of climate-related parameters. Profiles of *0/°0
ratio along three previous deep Greenland ice cores'™ seemed to
reveal irregular but well-defined episodes of relatively mild climate
conditions (interstadials) during the mid and late parts of the last
glaciation, but there has been some doubt as to whether the shifts
in oxygen isotope ratio were genuine representations of changes
in climate, rather than artefacts due to disturbed stratification.
Here we present results from a new deep ice core drilled at the
summit of the Greenland ice sheet, where the depositional environ-
ment and the flow pattern of the ice are close to ideal for core
recovery and analysis. The results reproduce the previous findings
to such a degree that the existence of the interstadial episodes can
no longer be in doubt. According to a preliminary timescale based
on stratigraphic studies, the interstadials lasted from 500 to 2,000
years, and their irregular occurrence suggests complexity in the
behaviour of the North Atlantic ocean circulation.

Three deep Greenland ice cores, drilled from surface to bed-
rock at Camp Century, Dye 3 and Renland (Fig. 1) in 1966,
1981 and 1987, respectively, reach the ice deposited during the
last glaciation! ™, This conclusion is based on the occurrence of
very low 8'%0 values (8'%0 is the relative deviation of the '*0
concentration from that in the standard mean ocean water) in
the deeper parts of the cores, and on evidence that '30 in polar
snow and ice depends mainly on the temperature of formation
of the precipitation®*. In the mid- and late glacial parts of the
cores, 8'%0 is alternately very low and intermediate (Fig. 2),
corresponding to abrupt shifts between two apparently quasi-
stationary climate stages®®. Similar features appear in both
marine®'° and other terrestrial records from the North Atlantic
region'""!?, but only weakly in Antarctic ice cores', if at all,
which points to circulation changes in the North Atlantic Ocean
as the driving force®.

Nevertheless, there has still been doubt about the climatic
interpretation of the & shifts. Intermittent occurrence of isotopi-
cally light surface meltwater in the North Atlantic Ocean was
suggested as an alternative explanation of the low §'%0 values
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FIG. 1 Greenland with the four drill sites mentioned in the text.

during the last cold period (the Younger Dryas)'?, but deuterium
excess data (d = 8D —88'%0) excluded this possibility®. Most
recently, the meltwater peaks have been shown to coincide with
the high-8 rather than the low-8 parts of the Dye 3 record (see
Fig. 3¢ and d in ref. 14). Another suggested cause of the 8 shifts
at greater depths was disturbed stratification of the deeper part
of the ice, as this ice has travelled a long way over a hilly
bedrock'®, or, in the case of Renland, is situated only a few
metres above the bedrock’.

The Summit location on the top of the ice sheet (Fig. 1) is
an almost ideal depositional environment in which to recover
an ice core: the flow pattern is simple, because there is no
horizontal ice movement at present, and little in the past, when
the ice divide might have been slightly displaced from its present
position. Furthermore, the Summit surface temperature seldom
rises above the freezing point, in contrast to Dye 3 where summer
melting often causes post-depositional changes in the firn, for
example absorption of additional soluble gases from the atmos-
phere. Summit was therefore chosen as the target of a new deep
core drilling under the multinational European Greenland Ice-
core Project (GRIP) 1990-1992. By the end of the second field
season in 1991, the drill reached a depth of 2,321 m, where the
ice is ~40,000 years old.

The timescale shown in Table 1 was established by strati-
graphic methods. Back to 8,600 yr BP (before present) the time-
scale rests on identification of reference horizons in the form
of acid volcanic fall-out dated in the Dye 3 core by counting
annual 8'®Q variations downwards from the surface'®. Before
8,600 yr BP, the dating was accomplished by a multi-parameter
method that identifies the seasonal variations of the concentra-
tions of Ca®", microparticles, NH and nitrate. This is extremely
laborious, of course, and the resulting timescale (Table 1) is
preliminary. Details will be reported elsewhere.

Figure 2 shows continuous §'%0 profiles along the four Green-
land ice cores, plotted on linear depth scales that span the depth
intervals listed in Table 2. The Summit depth scale is shown at
the outer left along with the stratigraphically derived Summit
timescale. The heavy and thin vertical lines indicate & levels
characteristic of low and intermediate &, respectively.

The close correlation between the Summit and Dye 3 records
rules out disturbed stratigraphy as a potential cause for the two
& levels, which must therefore be of climatic significance. Periods
of relatively high & reflect mild interstadials (IS), detectable in
all four records (except for IS 3 at Camp Century). The absence
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