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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 frequenciev

and2v. The phenomenon is explained in terms of photoconductivity being dependent on the rela
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
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Recently, the interference between different quantu
processes has been the subject of considerable atten
in many areas of physics. One of the reasons for th
growing interest is that such kinds of interference ope
a prospect of a new degree of freedom in the contr
of physical processes—not only by the intensity or th
polarization of light, but also by the phase of light. I
was observed in the experiments on rubidium atoms [
and photoemission from Sb-Cs photocathodes [2] that t
interference between the one- and two-photon transiti
moments changes the angular distribution of the phot
electrons and excites a phase dependent current (coh
ent photocurrent). Recently, coherent photocurrent v
quantum interference of electrons produced by one- a
two-photon bound-to-free intersubband transitions was o
served in AlGaAsyGaAs quantum well superlattices [3].
However, second-harmonic generation (SHG) via phot
induced spatially oscillating electrostatic fields in glass wa
probably the first observed phenomenon where coher
photocurrent was involved [4–6]. Indeed, SHG is forbid
den in glass due to the inversion symmetry of the gla
matrix. However, when a sample of glass or glass fib
(e.g., Ge-doped silica glass) is illuminated for some tim
(preparation time) with intense light containing frequen
cies atv (pump) and2v (second-harmonic seeding) and
afterwards the seeding is removed, it is still possible to o
serve light at frequency2v (second harmonic) generated
in the glass [7]. In experiments on optical glass fibe
strong amplification of a weak seeding radiation at fre
quency2v, generated inside a fiber as a result of magne
dipole or quadrupole effects, is observed after launchi
only intense light at frequencyv [8]. In this phenomenon
the coherent photocurrent, excited in glass as a result
interference between one-photon ionization by light at fr
quency2v and two-photon ionization by light at frequency
v, gives rise to a spatially oscillating electrostatic fieldEg

(photogalvanic field):Eg . jcohys, wherejcoh is the co-
herent photocurrent ands is the photoconductivity. The
amplitude of the photogalvanic fieldEg in glass is typically
,104 105 Vycm and this field can induce the second
order nonlinear susceptibilitysx s2dd, responsible for SHG,
via the third-order susceptibility:x s2d ­ 3x s3dEg. Assum-
ing x s3d . 10222 smyVd2 for silica glass, the magnitude of
0031-9007y97y78(15)y2956(4)$10.00
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x s2d is ,1016 1015 myV. It turns out that thex s2d peri-
odicity can compensate for the phase velocity mismatc
thus making the SHG process efficient. In nonlinear op
tics the process that allows such compensation is known
quasi-phase-matching.

Unlike mixing between one- and two-photon processe
which leads to a modulation in the angular distribution o
photoelectrons, it was shown in experiments on mixing be
tween one- and three-photon processes in xenon gas
HCl molecular beam [10], and between five- and three
photon process in mercury vapor [11] that the total cros
section of the ionization transition can be directly modu
lated by changing the relative phase between two lig
fields oscillating at different frequencies. However, to
our knowledge, two interesting aspects of the phenomen
have not been yet investigated. First, experiments on qua
tum interference have been carried out only in centrosym
metric media although it was already widely discussed th
in media without inversion symmetry the interference be
tween one- and two-photon transitions induced by light a
frequencies2v andv can lead to a modulation of the total
cross section for the overall transition [12]. Second, th
modulation of the total cross section of ionizing transition
due to quantum interference (coherent photoconductivit
has been observed only in atomic systems. In this Letter w
report the observation ofefficientsecond-harmonic genera-
tion in glass subjected to a strong external electrosta
field. The spatial periodic modulation of the applied elec
tric field, responsible for the second-harmonic signal, aris
from the interaction of the intense light at frequenciesv

and2v with glass, which has its inversion symmetry bro
ken by the applied field. The process could represent t
first evidence of coherent photoconductivity in glass.

Let us consider the interaction of light beams of fre
quenciesv and2v in glass when a strong dc electric field
sE0 ¿ Egd is applied. The probability of simultaneous
ionization of the defect site by two photons at frequenc
v and one photon at frequency2v in the presence ofE0

is given by
P , ja2EvEv 1 b2E0E2v j2

­ ja2j
2I2

v 1 jb2j
2I2

2vE2
0

1 2 Resa2bp
2E0EvEvEp

2vd , (1)
© 1997 The American Physical Society



VOLUME 78, NUMBER 15 P H Y S I C A L R E V I E W L E T T E R S 14 APRIL 1997

ts
he

e-
ng

,
-

eld
f,
en
ive
he
de-
be

ith
le
r
ure,

f
th
z

G
rce.

r.

to a

n
the
ith
ped

al

.

where Ev and E2v are the field amplitudes at fre-
quencyv and 2v, respectively,Iv and I2v are the cor-
responding intensities, anda2 and b2 are two complex
coefficients which determine the weight of the differen
processes in the probabilityP. All terms in this expres-
sion are even powers of the electric field regardless of t
fact that they are uniform (first two terms) or modulate
[being dependent on the relative phase of the fields at f
quenciesv and2v (the last term)]. The modulated par
of the probability leads to modulation of the total ioniza
tion cross section and hence to a corresponding modu
tion of the photoconductivity:

s ­ s0 1 scoh , (2)

where

s0 , ja2j
2I2

v 1 jb2j
2I2vE2

0

is the uniform part of the photoconductivity andscoh ,
2 Resa2bp

2E0EvEvEp
2vd is the part of the photoconductiv-

ity being dependent on the relative phase betweenEv and
E2v (coherent photoconductivity). Therefore the cohere
photoconductivity spatially oscillates with a periodL de-
termined by the refractive index mismatch between lig
waves at frequenciesv and2v:

scoh , cos2pzyL, L ­ ly2sn2v 2 nvd ,

wherel is the wavelength in vacuum of the light at fre
quencyv and n2v, and nv are the refractive indices at
frequencies2v andv, respectively. It should be pointed
out that the process of quantum interference conside
above is qualitatively different from the already observe
process of quantum interference in glass without stro
sE0 ¿ Egd dc electric field applied [4–8]. In the latter
case a modulation of the angular distribution of pho
toelectrons (coherent photocurrent) rather than a modu-
lation of the total cross section of ionization (coherent
photoconductivity) takes place.

In fact the coefficientsa2 and b2 in the expression
of the probability P can depend on the intensities o
light at frequencies2v andv: a2 ­ a1sI2

v , I3
v, I2vd, b2 ­

a2sI2
v , I3

v, I2vd and this can result in even higher orde
nonlinear processes [5].

The Ohmic currents j ­ sE0d induced by the applied
electric field separates photocarries which accumulate
the boundaries of the illuminated region and screen t
applied electric fieldE0. The resulting internal electric
field inside the glassEc, assuming intensities of light
waves at frequencies2v and v to be constant, evolves
accordingly to

dEcydt ­ 2Ecyt, t ­ eys ,

where t is the dielectric relaxation time ande is the
dielectric constant of glass. An approximate solution f
Ec in the limit scoh ø s0, t ­ t0 ­ eys0 is

Ec . scohys0E0f1 2 exps2tyt0dg

3 exps2tyt0d 1 E0 exps2tyt0d

­ Ecoh
c 1 E0

c , (3)
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whereEcoh
c and E0

c are the modulated and uniform par
of the internal dc electric field. The modulated part of t
electric field, proportional toscoh, and the corresponding
x s2d grating sx s2d ­ 3x s3dEcoh

c d are zero at the beginning
st ­ 0d, reach maximum values att ­ t0 ln 2, and finally
decrease to zero in the steady state conditionst ­ `d.
Thex s2d periodicity compensates exactly for the phase v
locity mismatch (refractive index mismatch), thus maki
the second-harmonic generation process efficient [I2v ~

sx s2dd2l2sIvd2, wherel is the interaction length]. In fact
the evolution of the dc electric field can be more com
plicated since the second-harmonic electromagnetic fi
and thex s2d grating, i.e., modulated dc electric field itsel
can vary in time and along the sample. However, ev
in a more general case, Eq. (3) still provides a qualitat
physical description (in particular at the beginning of t
process and in the steady state condition). A more
tailed mathematical analysis for the general case will
presented elsewhere.

In our experiments we used Ge-doped silica fibers w
built-in capillaries on both sides of the core, suitab
for introducing wire electrodes (Fig. 1). A typical fibe
used in our experiments had a 0.32 numerical apert
3 mm core diameter,165 mm outer diameter,50 mm hole
diameter, and9 mm interhole spacing. Metal wires o
25 mm diameter were inserted into the fiber over leng
varying from 5 to 500 mm. A mode-locked (76 MH
repetition rate, 300 ps pulse duration) andQ-switched
(1 kHz repetition rate, 300 ns envelope duration) Nd-YA
laser operating at 1064 nm was used as the pump sou

First, we launched only infrared light (pump) of,12 mW
average power (1 kW peak power) for,1 h into the
fiber, ,25 cm long. No SHG was observed in the fibe
Then we launched simultaneously the pump of,12 mW
average power and the SH seeding of,40 mW average
power, generated in a (KTiOPO4) crystal. The SH seeding
was removed after preparation of,10 min and a SH signal
(being generated in the fundamental LP01 fiber mode) of
,20 mW average power was observed, corresponding
conversion efficiency of,0.16%. This was confirmed by
monitoring the growth of the SH signal in the fiber whe
the SH seeding was blocked for a short time during
preparation (Fig. 2). Our result is in good agreement w
previous observations on photoinduced SHG in Ge-do

FIG. 1. Cross section of a Ge-doped silica fiber with intern
electrodes. The fiber had a 0.32 numerical aperture,3 mm core
diameter,165 mm outer diameter,50 mm hole diameter, and
9 mm interhole spacing. Metal wires of25 mm diameter were
inserted into the fiber over length varying from 5 to 500 mm
2957
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fibers [7] and may be explained by the appearance o
modulated second-order nonlinearity (x s2d grating) in the
fiber as a result of the charge separation due to coher
photocurrent.

We then applied voltages up to 10 kV (correspond
ing to electrical fields,107 Vycm, which are probably
among the highest values ever applied to glass materia
across the electrodes inside the fiber and launched into
fiber (25 cm long) IR pump light of,1 kW peak power.
The length of the region over which the electric field ha
been applied (electrode superposition) was,20 cm long.
For applied voltages greater than,2 kV a strong increase
of weak electric-field-induced second-harmonic (EFISH
signal of ,10 nW (i.e., generated immediately after the
electric field was applied) was observed (Fig. 2). In fa
the SH signal (being generated in the fundamental LP01

mode) grows rapidly, within a 1 min time scale, reachin
the maximum value of,250 mW average power and then
slowly decreases (Fig. 2). After this first growth and de
crease an interesting “echo” behavior was observed wh
the voltage was repeatedly switched off and on (Fig. 3
After disconnecting the voltage, the SH signal rapidl
drops, remaining zero for a short time period, then in
creases, reaching almost 60% of the maximum value wh
the voltage was applied and finally slowly decreases aga
(Fig. 3). During these experiments we achieved conve
sion efficiencies as high as,2% for a peak pump power
of ,1 kW, which is,10 times higher than in our exper-
iments carried out without applying an external electr
field. We detected a,4 times smaller SH signal and,2

FIG. 2. Time dependence of a SH signal in a fiber wit
external SH seeding of,40 mW average power (opened
triangles). The seeding was launched att ­ 0. The SH growth
was monitored by blocking the SH seeding. Time dependen
of a SH signal in a fiber with applied voltage of 5 kV (filled
triangles). The voltage was switched on att ­ 0. The length
of the fiber is,25 cm and the superposition of the electrode
is ,20 cm. Average pump power is,12 mW.
2958
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times smaller growth rate in a fiber with electrode sup
position,10 cm long, thus two times shorter than in th
previous fiber used.

We excluded a simple explanation of this phenomen
by the EFISH seeding of thex s2d grating in a fiber on
the basis of two experimental observations. First,
observed that the second-harmonic growth took pla
only in the region where the electric field was applie
(where the electrodes superposed) and the SH output
quadratic dependent on the length of this region. Seco
no SHG signal was observed in any of the used fib
after preparation for more than 1 h with a weak extern
SH seeding of the same and even an order of magnit
higher level of power compared to the EFISH maximu
signal. The maximum SH signal and the time, necess
to reach half of the maximum, when the voltage
switched on and switched off (Fig. 4), clearly depend
the applied voltage: The maximum SH signal increas
with the applied voltage whereas the half-growth tim
decreases with the applied voltage.

The high conversion efficiency measured in our expe
ments and the observed quadratic dependence of the S
efficiency on the fiber length represent clear evidences
quasi-phase-matched SHG due to the presence of ax s2d

grating in the fiber. Moreover, the enhancement of SH
in glass due to a strong applied electric fields,5.5 3

106 Vycmd was confirmed by experimental observatio
that the amplitude of thex s2d grating increases at leas
,3 times (corresponding to an increase of convers
efficiency,10 times) compared to the experimental sit
ation where no electric field is applied to the fiber. Fro
our measurements we can also estimate the amplitud
the second-order susceptibilityx s2d . 10214 myV, which
corresponds to a modulation of,8% of the applied electric

FIG. 3. Time dependence of a SH signal in a fiber when an
plied voltage of 5 kV was repeatedly switched on and off. T
instants when the voltage is on and off are shown by arrows
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FIG. 4, Dependencies of the maximum SH signal and the tim
necessary to reach half of this signal on applied voltage wh
the voltage is switched on and off, respectively.

field. The possibility of ax s2d grating due to the interfer-
ence between different fiber modes at the same freque
of light [13] was excluded since both the SH and the pum
signals propagated in the fundamental LP01 mode.

Our experimental results can be qualitatively interpret
in light of the mechanism presented above, i.e., on t
basis of photoconductivity being dependent on the relati
phase between interacting waves at frequenciesv and2v,
which provides quasi-phase-matching for the SHG. Mo
important this model is consistent with the increase
conversion efficiency with the applied voltage and is als
in good agreement with the experimental time dependen
of the SH signal growth to a maximum value followe
by a gradual decay. It is possible to estimate from (2
assuminga2 . b2, and using the experimental values fo
the electric fieldssE0 ­ 5.5 3 106 Vycm, jEvj ­ 3.2 3

106 Vycm, jE2vj ­ 4.5 3 105 Vycmd, the theoretical
ratio scohys0 . 2E0jEv j2jE2vjysjEvj4 1 jE2vj2E2

0 d .
0.4. Experimental estimation of the ratioscohys0 can be
obtained from (3):scohys0 . 4Ecoh

m yE0, whereEcoh
m is

the maximum amplitude of the modulated dc electric fiel
Using experimentally obtainedEcoh

m yE0 . 0.08, the ex-
perimental ratiosscohys0dexp . 0.3 is in good agreement
with the theoretical prediction. Moreover, an interestin
feature in the time dependence of the SH signal—t
origin of an unexpected growth (echo) of the SH sign
after switching off the voltage (Fig. 3)—can be explaine
Indeed, as follows from Eq. (3) in steady state conditio
the internal electric fieldEc is zero, which means that
the applied dc electric fieldE0 is locally compensated
by the electric fieldEs due to the screening charges
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accumulated at the boundaries of the illuminated regio
Ec ­ E0 1 Es . 0, E0 . 2Es. After switching off
the voltagesE0 ­ 0d the internal electric field rapidly
increases almost to its initial valueEc . Es . 2E0.
This rapid increase induces in the glass, due to the dc K
effect, a change in the phase mismatch between pum
and SH waves which cannot be compensated any long
by the remaining weakx s2d grating of a period given by
the previous phase mismatch (before switching off th
voltage). The lack of quasi-phase-matching makes t
SH signal drop quickly to zero. However, due to the fac
that the internal electric field increases almost to i
initial value (with opposite polarity) a new quasi-phase
matching grating (with a new period given by the new
phase mismatch) will start growing and the process
electrically stimulated growth ofx s2d grating via coherent
photoconductivity repeats itself for a second time.

In conclusion we observed electrically stimulated light
induced second-harmonic generation in glass due to t
modulation of a strong applied electrostatic field induce
by light at frequenciesv and 2v. This phenomenon in
glass is interpreted as the first evidence of photocondu
tivity being dependent on the relative phase between lig
waves of different frequencies.

We thank L. Dong for fabricating the fibers used in th
experiments.
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