VOLUME 78, NUMBER 15 PHYSICAL REVIEW LETTERS 14 ArIL 1997

Electrically Stimulated Light-Induced Second-Harmonic Generation in Glass:
Evidence of Coherent Photoconductivity
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A strong electrostatic field applied to glass is spatially modulated by intense light at frequencies
and2w. The phenomenon is explained in terms of photoconductivity being dependent on the relative
phase of the light fields at different frequencies. [S0031-9007(97)02913-X]

PACS numbers: 42.70.Ce, 42.50.Hz, 42.65.Ky, 42.81.Dp

Recently, the interference between different quantumy@ is ~10°~10'5 m/V. It turns out that they® peri-
processes has been the subject of considerable attentiodicity can compensate for the phase velocity mismatch,
in many areas of physics. One of the reasons for thishus making the SHG process efficient. In nonlinear op-
growing interest is that such kinds of interference opertics the process that allows such compensation is known as
a prospect of a new degree of freedom in the controfuasi-phase-matching.
of physical processes—not only by the intensity or the Unlike mixing between one- and two-photon processes,
polarization of light, but also by the phase of light. It which leads to a modulation in the angular distribution of
was observed in the experiments on rubidium atoms [1photoelectrons, it was shown in experiments on mixing be-
and photoemission from Sb-Cs photocathodes [2] that theveen one- and three-photon processes in xenon gas [9],
interference between the one- and two-photon transitiollCI molecular beam [10], and between five- and three-
moments changes the angular distribution of the photophoton process in mercury vapor [11] that the total cross
electrons and excites a phase dependent current (cohesection of the ionization transition can be directly modu-
ent photocurrent). Recently, coherent photocurrent vidated by changing the relative phase between two light
quantum interference of electrons produced by one- anfields oscillating at different frequencies. However, to
two-photon bound-to-free intersubband transitions was obeur knowledge, two interesting aspects of the phenomenon
served in AlGaAgGaAs quantum well superlattices [3]. have not been yetinvestigated. First, experiments on quan-
However, second-harmonic generation (SHG) via phototum interference have been carried out only in centrosym-
induced spatially oscillating electrostatic fields in glass wasnetric media although it was already widely discussed that
probably the first observed phenomenon where cohereimt media without inversion symmetry the interference be-
photocurrent was involved [4—-6]. Indeed, SHG is forbid-tween one- and two-photon transitions induced by light at
den in glass due to the inversion symmetry of the glas$requencie2w andw can lead to a modulation of the total
matrix. However, when a sample of glass or glass fibecross section for the overall transition [12]. Second, the
(e.g., Ge-doped silica glass) is illuminated for some timemodulation of the total cross section of ionizing transitions
(preparation time) with intense light containing frequen-due to quantum interference (coherent photoconductivity)
cies atw (pump) and2w (second-harmonic seeding) and has been observed only in atomic systems. In this Letter we
afterwards the seeding is removed, it is still possible to obreport the observation effficientsecond-harmonic genera-
serve light at frequencfw (second harmonic) generated tion in glass subjected to a strong external electrostatic
in the glass [7]. In experiments on optical glass fiberdfield. The spatial periodic modulation of the applied elec-
strong amplification of a weak seeding radiation at fre-tric field, responsible for the second-harmonic signal, arises
quency2w, generated inside a fiber as a result of magnetidrom the interaction of the intense light at frequencies
dipole or quadrupole effects, is observed after launchingind2e with glass, which has its inversion symmetry bro-
only intense light at frequenay [8]. In this phenomenon ken by the applied field. The process could represent the
the coherent photocurrent, excited in glass as a result dirst evidence of coherent photoconductivity in glass.
interference between one-photon ionization by light at fre- Let us consider the interaction of light beams of fre-
quency2e and two-photon ionization by light at frequency quenciesw and2w in glass when a strong dc electric field
w, gives rise to a spatially oscillating electrostatic figld  (E, > E,) is applied. The probability of simultaneous
(photogalvanic field)E, = jcon/o, Wherejc, is the co-  ionization of the defect site by two photons at frequency
herent photocurrent and is the photoconductivity. The « and one photon at frequen@w in the presence of
amplitude of the photogalvanic field, in glass is typically  is given by

~10*-10° V/cm and this .fieldz can induce the second- P ~ |ayELE, + byEoEsy|?
order nonlinear susceptibilityy ?'), responsible for SHG, . sy s
via the third-order susceptibilityy® = 3y E,. Assum- = lalI; + 1ba|°1y, Eg
ing x® = 10722 (m/V)? for silica glass, the magnitude of + 2Relarb3EoELELE;,) (1)

2956 0031-900797/78(15)/2956(4)$10.00 © 1997 The American Physical Society



VOLUME 78, NUMBER 15 PHYSICAL REVIEW LETTERS 14 ArIL 1997

where E, and E,, are the field amplitudes at fre- where E¢" and EC are the modulated and uniform parts
quencyw and2w, respectively/, andI,, are the cor- of the internal dc electric field. The modulated part of the
responding intensities, anghb and b, are two complex electric field, proportional ter..,, and the corresponding
coefficients which determine the weight of the differenty® grating(y® = 3x® E") are zero at the beginning
processes in the probabiliy. All terms in this expres- (¢ = 0), reach maximum values at= 7, In 2, and finally
sion are even powers of the electric field regardless of thdecrease to zero in the steady state conditior ).
fact that they are uniform (first two terms) or modulatedThe y? periodicity compensates exactly for the phase ve-
[being dependent on the relative phase of the fields at frdecity mismatch (refractive index mismatch), thus making
quenciesw and2w (the last term)]. The modulated part the second-harmonic generation process efficiént §
of the probability leads to modulation of the total ioniza- (y?)%12(1,,)?, where! is the interaction length]. In fact,
tion cross section and hence to a corresponding moduldhe evolution of the dc electric field can be more com-
tion of the photoconductivity: plicated since the second-harmonic electromagnetic field
(2) and they® grating, i.e., modulated dc electric field itself,
can vary in time and along the sample. However, even
in a more general case, Eq. (3) still provides a qualitative
oo ~ la|* 12 + |by|* 1 E3 physical description (in particular at the beginning of the
is the uniform part of the photoconductivity amd,, ~  PrOc€ss and in _the steady_ state condition). A more de-
2 Relasbi EoE, E, EL.,) is the part of the photoconductiv- tailed mathematical analysis for the general case will be
ity being dependent on the relative phase betwegrand ~ Presented elsewhere. o _
E»., (coherent photoconductivity). Therefore the coheren% In our experiments we used Ge-doped silica fibers with
photoconductivity spatially oscillates with a periddde- uilt-in capillaries on both sides of the core, suitable

termined by the refractive index mismatch between lighfor introducing wire electrodes (Fig. 1). A typical fiber
waves at frequencies and2w: used in our experiments had a 0.32 numerical aperture,

3 um core diameter] 65 wm outer diameter0 wm hole

Ocon ~ COS27z/A, A = A/2n20 — no). diameter, an® um interhole spacing. Metal wires of
where A is the wavelength in vacuum of the light at fre- 25 uwm diameter were inserted into the fiber over length
guencyw andn,,, andn, are the refractive indices at varying from 5 to 500 mm. A mode-locked (76 MHz
frequencie2w andw, respectively. It should be pointed repetition rate, 300 ps pulse duration) agdswitched
out that the process of quantum interference considered kHz repetition rate, 300 ns envelope duration) Nd-YAG
above is qualitatively different from the already observedaser operating at 1064 nm was used as the pump source.
process of quantum interference in glass without strong First, welaunched onlyinfrared light (pump)efi2 mW
(Eop > E,) dc electric field applied [4—8]. In the latter average power (1 KW peak power) ferl h into the
case a modulation of the angular distribution of pho-fiber, ~25 cm long. No SHG was observed in the fiber.
toelectrons ¢oherent photocurreitrather than a modu- Then we launched simultaneously the pump~af2 mw
lation of the total cross section of ionizationoherent average power and the SH seeding~ef0 uW average
photoconductivitytakes place. power, generated in a (KTiORIxrystal. The SH seeding

In fact the coefficientsu, and b, in the expression wasremoved after preparation-ef0 min and a SH signal
of the probability P can depend on the intensities of (being generated in the fundamentalyLBiber mode) of

o =0yt Ocn,

where

light at frequencie@w andw: a; = a1(12,12,1,,),b =  ~20 wW average power was observed, corresponding to a
ay(12,12,1,,) and this can result in even higher order conversion efficiency of-0.16%. This was confirmed by
nonlinear processes [5]. monitoring the growth of the SH signal in the fiber when

The Ohmic current j = o Ey) induced by the applied the SH seeding was blocked for a short time during the
electric field separates photocarries which accumulate greparation (Fig. 2). Our result is in good agreement with
the boundaries of the illuminated region and screen thgrevious observations on photoinduced SHG in Ge-doped
applied electric fieldE,. The resulting internal electric
field inside the glassE., assuming intensities of light

waves at frequenciedw and w to be constant, evolves Y
accordingly to
dE./dt = —E./T, T=¢€/o, e
where 7 is the dielectric relaxation time and is the
dielectric constant of glass. An approximate solution for °
E.inthe limiton < 09,7 = 79 = €/09 iS
— _ _ FIG. 1. Cross section of a Ge-doped silica fiber with internal
Ec = oeon/ooEoll — exp(—1/70)] electrodes. The fiber had a 0.32 numerical aperfugem core
X exp(—t/79) + Eqexp(—t/7o) diameter,165 um outer diameter50 um hole diameter, and
9 um interhole spacing. Metal wires @6 um diameter were
= E©" + EY, (3) inserted into the fiber over length varying from 5 to 500 mm.
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fibers [7] and may be explained by the appearance of imes smaller growth rate in a fiber with electrode super-
modulated second-order nonlinearity® grating) in the  position~10 cm long, thus two times shorter than in the
fiber as a result of the charge separation due to cohereptevious fiber used.
photocurrent. We excluded a simple explanation of this phenomenon
We then applied voltages up to 10 kV (correspond-by the EFISH seeding of thg® grating in a fiber on
ing to electrical fields~107 VV/cm, which are probably the basis of two experimental observations. First, we
among the highest values ever applied to glass materialgpserved that the second-harmonic growth took place
across the electrodes inside the fiber and launched into tlenly in the region where the electric field was applied
fiber (25 cm long) IR pump light of~1 kW peak power. (where the electrodes superposed) and the SH output was
The length of the region over which the electric field hadquadratic dependent on the length of this region. Second,
been applied (electrode superposition) waX) cm long. no SHG signal was observed in any of the used fibers
For applied voltages greater thai2 kV a strong increase after preparation for more than 1 h with a weak external
of weak electric-field-induced second-harmonic (EFISH)SH seeding of the same and even an order of magnitude
signal of ~10 nW (i.e., generated immediately after the higher level of power compared to the EFISH maximum
electric field was applied) was observed (Fig. 2). In factsignal. The maximum SH signal and the time, necessary
the SH signal (being generated in the fundamenta), LP to reach half of the maximum, when the voltage is
mode) grows rapidly, within a 1 min time scale, reachingswitched on and switched off (Fig. 4), clearly depend on
the maximum value of~250 uW average power and then the applied voltage: The maximum SH signal increases
slowly decreases (Fig. 2). After this first growth and de-with the applied voltage whereas the half-growth time
crease an interesting “echo” behavior was observed whethecreases with the applied voltage.
the voltage was repeatedly switched off and on (Fig. 3). The high conversion efficiency measured in our experi-
After disconnecting the voltage, the SH signal rapidlyments and the observed quadratic dependence of the SHG
drops, remaining zero for a short time period, then in-efficiency on the fiber length represent clear evidences of
creases, reaching almost 60% of the maximum value whequasi-phase-matched SHG due to the presence yPa
the voltage was applied and finally slowly decreases agaigrating in the fiber. Moreover, the enhancement of SHG
(Fig. 3). During these experiments we achieved converin glass due to a strong applied electric fidld5.5 X
sion efficiencies as high as2% for a peak pump power 10% V/cm) was confirmed by experimental observation
of ~1 kW, which is ~10 times higher than in our exper- that the amplitude of they® grating increases at least
iments carried out without applying an external electric~3 times (corresponding to an increase of conversion
field. We detected a-4 times smaller SH signal and2  efficiency ~10 times) compared to the experimental situ-
ation where no electric field is applied to the fiber. From
our measurements we can also estimate the amplitude of

the second-order susceptibilig/? = 10~'* m/V, which
10y ¥ corresponds to a modulation 8% of the applied electric
i
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FIG. 2. Time dependence of a SH signal in a fiber with
external SH seeding of~40 uW average power (opened : . : :
triangles). The seeding was launched at 0. The SH growth 0 2 4 6 8 10
was monitored by blocking the SH seeding. Time dependence Time (minutes)

of a SH signal in a fiber with applied voltage of 5 kV (filled

triangles). The voltage was switched ontat 0. The length  FIG. 3. Time dependence of a SH signal in a fiber when an ap-
of the fiber is~25 cm and the superposition of the electrodesplied voltage of 5 kV was repeatedly switched on and off. The
is ~20 cm. Average pump power is12 mW. instants when the voltage is on and off are shown by arrows.
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300 : : : 5 : 120 accumulated at the boundaries of the illuminated region:
: ) : ‘ : E. =Ey) + E; =0,Ey = —E;. After switching off
250 100 the voltage(E; = 0) the internal electric field rapidly
increases almost to its initial valuE, = E; = —E,.

This rapid increase induces in the glass, due to the dc Kerr
effect, a change in the phase mismatch between pump
and SH waves which cannot be compensated any longer
by the remaining wealy® grating of a period given by
the previous phase mismatch (before switching off the
voltage). The lack of quasi-phase-matching makes the
SH signal drop quickly to zero. However, due to the fact
20 that the internal electric field increases almost to its
initial value (with opposite polarity) a new quasi-phase-
, matching grating (with a new period given by the new
0 1 2 3 4 5 6 phase mismatch) will start growing and the process of
applied voltage (KV) electrically sti_mglated grovyth of @ grating via_coherent
photoconductivity repeats itself for a second time.
FIG. 4, Dependencies of the maximum SH signal and the time | conclusion we observed electrically stimulated light-
necessary to reach half of this signal on applied voltage whetgh, 4 ,ced second-harmonic generation in glass due to the
the voltage is switched on and off, respectively. . : ! -
modulation of a strong applied electrostatic field induced
by light at frequenciesv and2w. This phenomenon in
glass is interpreted as the first evidence of photoconduc-
field. The possibility of gy grating due to the interfer- tjvity being dependent on the relative phase between light
ence between different fiber modes at the same frequengyaves of different frequencies.
of light [13] was excluded since both the SH and the pump We thank L. Dong for fabricating the fibers used in the
signals propagated in the fundamentalLmode. experiments.
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