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FIG. 3 The magnetic-field geometry for reconnection derived from the
present observation. The important features are: elongated antiparaliel
magnetic fields above an arcade of closed loops; a current sheet (or
neutral sheet) formation between them and reconnection of antiparallel
magnetic fields. An outflow or jet from the reconnection point impinges
on the underlying closed loop and forms a shock, resulting in a high-
temperature (T, ~2 x 10° K) region just above the closed loop. It is also
likely that electrons are accelerated in the shock and stream down
along the reconnected field towards the double footpoint sources.

is formed and no strong energization occurs. The soft X-ray
flaring loop may represent previously reconnected magnetic
fields filled with material evaporated from the dense chromo-
sphere. Perhaps the evaporation is caused not only by energetic
electron precipitation but also by heat conduction. In any case,
it is a byproduct of the primary energy release.

The observations reported here have revealed for the first time
the existence of a loop-top impulsive hard X-ray source in a
compact solar flare. There are other examples of this type of
source in the Yohkoh data base™. We believe that these observa-
tions may simplify our theoretical view of solar-flare energy
release. The data strongly suggest that we have identified the
site of the powerful acceleration of energetic electrons common
to solar flares, namely a coronal current sheet. It may now be
possible for magnetic reconnection on macroscopic scales to
explain compact flares as well as two-ribbon flares. Our discus-
sion of these observations invokes shock formation resulting
from the reconnection jet expected in a current-sheet configura-
tion. This discussion was more illustrative than quantitative; it
will be instructive to pursue a more thorough analysis of both
Yohkoh and ground-based data on this and related flares. [
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PHOTOREFRACTIVE materials are of considerable interest for the
development of all-optical devices'. The photorefractive effect
appears in materials that exhibit an electric-field-dependent refrac-
tive index and that are photosensitive, such that the spatial distri-
bution of photogenerated charge carriers is modified on irradiation
with light. The diffraction pattern formed by the interference of
two coherent light beams within such a material generates a non-
uniform internal electric field that in turn modulates the refractive
index. The resulting refractive-index pattern forms a grating that
can diffract light and thereby give rise to two-beam coupling,
whereby one of the writing beams gains energy at the expense of
the other—a property that can be exploited in photonic devices.
Although the best photorefractive materials currently available are
inorganic crystals such as LiNbO;, there is considerable interest
in the development of photorefractive polymers™®, owing to their
structural flexibility, ease of processing and lower cost. We
describe here a polymer composite with excellent photorefractive
properties. We have achieved a diffraction efficiency approaching
100% and a net two-beam coupling gain of more than 200 cm ™',
making these polymeric materials suitable for immediate applica-
tion in areas such as dynamic holographic storage and optical
information processing’'.

In organic materials, the properties required for the photo-
refractive effect, including photosensitivity, photoconductivity
and electro-optic response, are provided by different molecules.
As a result, the properties can be optimized separately, unlike
in inorganic photorefractive crystals such as LINbO; . Our inves-
tigations were performed on a polymer composite (see Fig. 1)
based on the photoconductor poly(N-vinylcarbazole) (PVK).
Composites using PVK were the first polymers to show efficient
photorefractivity® and are still among the organic materials with
the best performances®’. Photosensitivity in the visible was pro-
vided by adding a small amount of 2,4,7-trinitro-9-fluorenone
(TNF), which forms a charge-transfer complex with PVK. Cru-
cial for the steady-state performance of a photorefractive com-
posite is the electro-optic chromophore. The latter should
possess a large dipole moment g, a large first hyperpolarizability
B, and at the same time a small absorption coefficient ¢ at the
operating wavelength. The electro-optic chromophore should be
highly soluble in the composite to obtain a strong photorefrac-
tive effect. Furthermore, as will be shown below, a large aniso-
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FIG. 1 Chemical structures of the compounds used in the photorefrac-
tive composite: a, 2,5-dimethyl-4-(p-nitrophenylazo)anisole (DMNPAA);
b, charge-transfer complex of poly(N-vinylcarbazole) (PVK) with 2,4,7-
trinitro-9-fluorenone (TNF); ¢, N-ethylcarbazole (ECZ).

tropy Aa® of the linear polarizabilities parallel and
perpendicular to the molecular axis of this chromophore is bene-
ficial. We chose 2,5-dimethyl-4-( p-nitrophenylazo)anisole
(DMNPAA), which satisfies these requirements.

To obtain a macroscopic electro-optic effect in the material,
the originally randomly oriented electro-optic chromophores
have to be aligned by an electric field (‘poling’). Besides the
alignment of the chromophores, the field also assists the charge
photogeneration by reducing the recombination probability and
provides the net force for the drift of the carriers. In order to be
able to pole the material at room temperature, N-ethylcarbazole
(ECZ) was added to decrease the glass transition temperature
T, of the material. The composition was DMNPAA:PVK:
ECZ:TNF 50:33:16:1 wt%; the concentration of the nonlinear
chromophore was significantly higher than in other reported
photorefractive polymers (typically <33 wt%)*®.-Uniform films
of ~105 pum thickness were fabricated by sandwiching the com-
posite between two transparent electrodes, the field thus being
applied perpendicular to the sample surface.

Because of the charge separation in photorefractive materials,
a phase shift occurs between the original light fringe pattern and
the generated index grating. This phase shift is a unique feature
of the photorefractive effect, distinguishing it from any other
mechanism that gives rise to a light-induced refractive-index
modulation. It enables energy transfer between two coherent
light beams, the so-called ‘two-beam coupling’.

We performed two-beam-coupling experiments to verify the
non-local nature of the index gratings, and degenerate four-
wave-mixing (DFWM) experiments to test the total grating
amplitude. The experimental geometry was identical for both
techniques and is shown in Fig. 2 inset. Two coherent ‘writing
beams’ were overlapped in the sample to create a fringe pattern.
They were both either ‘s’ or ‘p’-polarized (perpendicular or par-
allel, respectively, to the plane defined by the incoming beam
and the sample normal). In order to have a non-zero component
of the external field along the grating wave vector K, the experi-
ments were performed in a tilted geometry. The grating period
was 3.1 um. In the DFWM experiments, index gratings recorded
in the photorefractive material were probed by a weak beam,
counterpropagating with the writing beam 1 (Fig. 2 inset) and
the intensity of the transmitted and the diffracted light were
monitored. In the two-beam-coupling experiments, the counter-
propagating beam was absent and the transmission of the two
writing beams was measured. All experiments were performed
using a single continuous-wave laser diode (9 mW output, wave-
lengths A=675 nm).

The two-beam-coupling results depend on both the index grat-
ing amplitude and its phase shift. As shown in Fig. 2, the steady-
state gain coefficient for p-polarized beams I', increases mono-
tonically with the external ficld E, yielding T, =220 cm ™' at E=
90 V um™~'. The gain by far exceeds the absorption in the sample
at this voltage (¢ =13 cm '), giving a net optical gain of [, o, =
207 cm™'. For s-polarized beams, on the other hand, the beam,
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which gained energy when it was p-polarized, now loses energy
for the identical field direction with I';=-~40cm ™' at 90 V pm ™"
(Fig. 2). This is due to opposite signs of the index modulations
sensed by the two polarizations.

The DFWM experiments were performed with s-polarized
writing beams in order to keep the beam coupling small and to
reduce the effects of two-beam energy coupling between the writ-
ing beams which causes the grating phase and amplitude to vary
throughout the sample’. Unlike the gain coefficient T, the
diffraction efficiency n depends solely on the amplitude of the
index grating, not on its phase. Figure 3 shows the DFWM
results for p-polarized readout. 1, increases with the electric field
and reaches a maximum of 86% at E=61 V um ™', and the light
is completely diffracted. Further increase of the field leads to
periodic energy transfer between the diffracted and the transmit-
ted beam; at E=81V pm', all light is again directed into the
original probe wave. The sum of diffracted and transmitted sig-
nals gradually decreases as the external field increases (Aa =
S5cm™' at 90 Vpum™"). This is due to electric-field-induced
absorption changes in the sample'® as we verified by an indepen-
dent transmission measurement in the absence of the writing
beams. Similar experiments were performed for s-polarized read-
out (not shown). The diffraction efficiency is smaller than for p-
polarized readout, and no maximum was observed for fields up
to 90 Vum '

The dynamics of grating formation are complex. The speed
depends on the applied electric field, the light intensity and the
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FIG. 2 Two-beam-coupling experiment in DMNPAA:PVK:ECZ:TNF
(power density of the pump beam, 1 W cm ). Main Figure, external-
field dependence of the gain coefficient I for s- (beam ratio b=1.5;
circles) and p-polarized writing beams (b= 13; squares). b is the original
intensity ratio of the writing beams, defined as b= (Il =0))/(l1(la=
0)); T is calculated from the amplification factor y = l1(l,#0)/l1(I,=0)
measured experimentally using T'={cos & In[by/(b+1—y)]}/d,
where I, , are the beam intensities of the writing beams, the indices
‘1" and ‘2’ denote the amplified and the diminished beam, respectively,
and ¢ is the angle of the amplified beam with respect to the sample
normal. Also shown is the absorption coefficient « (dashed line). The
solid lines are guides to the eye. Inset, write/readout geometry. The
angle between the writing beams is 28.,=22° and the tiit angle is
Ve = 60°. Inside the material, 20 =7° and y =29°; the bulk refractive
index was measured (by ellipsometry) as n=1.75.
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FIG. 3 Degenerate four-wave-mixing experiment in DMNPAA:PVK:
ECZ:TNF with s-polarized writing beams (power density, 1 Wcm %
beam intensity ratio b=1.3) and a p-polarized reading beam (power
density, 0.35 mW cm 2). Main Figure, external-field dependence of the
diffraction efficiency n defined as the intensity ratio of the diffracted
probe light and the probe before entering the sample (squares) and the
transmission in the presence (circles) and in the absence (triangles),
respectively, of the writing beams. The dashed line is the sum of
diffracted and transmitted intensity in the presence of the writing
beams, indicating that the maximum achievable diffraction efficiency is
limited by absorption and reflection losses (~12%). The solid lines are
guides to the eye. Inset, log—log plot of the external-field dependence
of the index grating amplitudes |Ang| (circles) and |An,| (squares) for
s- and p-polarized readout, respectively, obtained from the coupled-
waves model for slanted lossy dielectric transmission gratings™", taking
into account the change in absorption with field, but not the small phase
and amplitude variations caused by energy exchange between the writ-
ing beams.

grating spacing. Under our experimental conditions (see legends
of Figs 2 and 3) and at 90 V um ™' the diffraction efficiency rises
to ~95% of the maximum value within ~100 ms, reaching a
steady-state value after 10 s. The efficiency of the grating drops
to 15% of the maximum value within 24 h after all beams and
the electric field were switched off. The recorded index pattern
can be erased by uniform illumination.

From the DFWM data we calculated the absolute total index
grating amplitude in the material |An, | for s- and p-polarized
readout, respectively, using Kogelnik’s coupled-waves model"’
(see Fig. 3 legend). The observed periodic energy transfer
between the transmitted and the diffracted beams in the DFWM
experiments is in accordance with this model. The log-log plot
of |An, | versus the electric field is shown in Fig. 3 inset. At
E=81V pm™' the index grating amplitudes are calculated to be
[An|=15x10"" and |An,|=5.5%10"", respectively. The
anisotropy ratio {An,/AnJ =3.7 is nearly independent of the
applied field. Our two-beam-coupling experiments reveal that
An, and An, have opposite signs (Fig. 2), that is, An,/An,=
-3.7.

To wverify that such large field-induced refractive-index
changes can be achieved in this material, we carried out ellipso-
metric measurements in the absence of the writing beams and
with the probe polarized at 457 with respect to the vertical axis.
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Approximatcly at the fields where the extrema appear in the
DFWM experiment we observed that the phase delay between
the s- and p-components of the incident light was 7 and 2r,
respectively. The phasc delay is given by ¢ =[2nd(An,— An,)]/
Acos ¢, (where d is the sample thickness and &, is defined in
Fig. 2), leading to An,—An,=5.7x 10" at E=81 V um "', This
is smaller than the value derived from the DFWM experiments
for the same field strength (An,—An,=7.1x% 107%) because of
the smaller tilt angle (&,...=350") for the ellipsometry measure-
ments. It is noted that these measurements verify that the space-
charge field is smaller than the component of the external field
along the grating wave vector ( Ese < Eg. sin g)).

The n and T” values found in our composite material are (by
far), the highest reported for organic photorefractive materials
to date. They originate from large refractive-index modulations
in the material. To find the origin of these excellent properties
we further analysed the anisotropy ratio An,/An,. It depends
upon the microscopic properties of DMNPAA (Aa™*, B, i) and
the properties of the host matrix such as its dielectric constant,
that is, local field corrections have to be taken into account''.
For the electro-optic (EO) effect the anisotropy ratio for light
polarizations parallel and perpendicular to the local poling-field
direction is always positive'*, (An=°/AnT?) > 0. The negative sign
of An,,/An, thus indicates that effects other than the electro-optic
effect play an important role in our material.

Because of the low 7, of the material, the electro-optic
chromophores are mobile in the polymer matrix. The samples
arc poled during the recording by the total electric field E,
which is the superposition of the uniform external field £y and
the non-uniform internal space-charge ficld Es¢c (Eoc=
Ey.+ Es¢), producing a spatially varying orientation of the
molecular dipoles in the material. Thus, not only the electro-
optic coeflicient, but also the linear birefringence of the material
is modulated, yielding a stronger photorefractive effect than in
materials with a fixed structure such as permanently poled poly-
mers. This phenomenon was discussed recently by Moerner et
al.'" as the ‘orientational enhancement’ mechanism. The aniso-
tropy ratio for the electric-field-induced birefringence (BR) is
always negative'”, (An®%/An%®)<0. Assuming that the total
index change is the sum of the individual changes by the bire-
fringence and the electro-optic effect, the negative sign of An,/
An, unambiguously shows that the contribution of birefringence
to the total index modulation is significant.

Our results offer a significant advance in the new ficld of
research on photorefractive polymers. The excellent perform-
ance of the compositc DMNPAA:PVK:ECZ:TNF can be
explained by the high chromophore content, and by its low T,
allowing the periodic orientation of the chromophores by the
non-uniform internal field. This leads to refractive index gratings
due to the birefringence and the electro-optic effect, and there-
fore to an enhanced photorefractive effect. The results provide
evidence that the birefringence is mostly responsible for the
excellent photorefractive properties of our material. Contribu-
tions from higher-order phenomena cannot be completely
excluded. Diffraction from absorption gratings can be safely
neglected because the maximum field-induced absorption change
of S5cm™' gives an estimated diffraction efficiency of n=x
(Aad/4)"~1.5%107* The improved quality of the films allows
the application of high clectric fields, enabling the observation
of complete diffraction and large optical gain using a low-power
laser diode. [
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THERE has been much debate about the effect of increased atmos-
pheric CO, concentrations on plant net primary production”> and
on net ecosystem CO, flux>'°. Apparently conflicting experi-
mental findings could be the result of differences in genetic
potential''™'* and resource availability'*", different experimental
conditions>* and the fact that many studies have focused on
individual components of the system™*">**” rather than the whole
ecosystem. Here we present results of an in situ experiment on
the response of an intact native ecosystem to elevated CO,. An
undisturbed patch of tussock tundra at Toolik Lake, Alaska, was
enclosed in greenhouses in which the CO, level, moisture and tem-
perature could be controlled’®, and was subjected to ambient
(340 p.p.m.) and elevated (680 p.p.m.) levels of CO, and tempera-
ture (+4 °C). Air humidity, precipitation and soil water table were
maintained at ambient control levels. For a doubled CO, level
alone, complete homeostasis of the CO, flux was re-established
within three years, whereas the regions exposed to a combination
of higher temperatures and doubled CO, showed persistent fertiliz-
ation effect on net ecosystem carbon sequestration over this time.
This difference may be due to enhanced sink activity from the
direct effects of higher temperatures on growth'**>™ and to indi-
rect effects from enhanced nutrient supply caused by increased
mineralization'™'"'>*"*!, These results indicate that the responses
of native ecosystems to elevated CO, may not always be positive,
and are unlikely to be straightforward. Clearly, CO, fertilization
effects must always be considered in the context of genetic limita-
tion, resource availability and other such factors.

Net ecosystem carbon balance is the difference between gross
primary productivity and losses from plant and soil respiration
(together with generally small losses to herbivores). In the
historical and recent geological past (Holocene epoch), net pri-
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FIG. 1 Seasonal CO, flux of tussock tundra (dominated by Eriophorum
vaginatum) ecosystems exposed to 340 and 680 p.p.m. CO, during the
1983-85 growing seasons at Toolik Lake, Alaska. Data are means +1
standard error; n=3 chambers per treatment.

mary productivity of permafrost-dominated northern ecosys-
tems often exceeded heterotrophic respiration due to the cold,
wet soil environment®™’. As a result, these ecosystems during
the Holocene were net sinks for carbon with respect to the
atmosphere of up to ~0.1 to 0.3 petagrams of carbon per year
(PgC yrr--1)34 40

Recent measurements of CO, flux in Arctic ecosystems
indicate that tussock and wet sedge tundra are now sources of
CO, to the atmosphere™*'*? possibly due to changes in site
water balance*****"** following the recently reported increase in
northern-latitude surface temperatures* **.

Given the huge below-ground carbon stocks in Arctic soils,
the release of CO, from Arctic ecosystems may exert a positive
feedback on atmospheric CO, levels and greenhouse warming®'.
Conversely, under conditions of elevated CO, and global climate
change, northern ecosystems could become a sink for carbon,
providing a negative feedback on atmospheric CO, levels**. The
ultimate role of Arctic ecosystems in the global carbon budget
largely depends on both the short- and long-term ecosystem
response to elevated CO, and concomitant climate change.

Higher atmospheric CO, has the potential to increase plant
growth in a variety of ways, including greater photosynthesis,
higher water-use efficiency, depression of respiration, delayed
leaf senescence, and relief of nutrient stress via enhanced
nutrient-use efficiency, nitrogen fixation and nutrient
uptake™™>'%*° " There is, however, great uncertainty about
whether these responses will hold for periods of years in natural

Net ecosystem CO, fertilization
effect (g C m2d-1)

L] T ¥
1983 1984 1985
Year

FIG. 2 The CO, fertilization effect over three growing seasons at Toolik
Lake. Indicated is the absolute stimulation of net ecosystem CO, flux
by a doubling of atmospheric CO, concentration (from 340 to
680 p.p.m.). The CO, fertilization effect is calculated as the difference
between the flux measured at double and ambient CO, levels. Data are
means t1 standard error; n=3 chambers per treatment.
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