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Nonlinear optical generation with reduced absorption using electric-field coupling
in atomic hydrogen
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Resonantly enhanced second-harmonic generation in atomic hydrogen was investigated near 121.6
nm. With the application of a dc electric field, it is shown that coupling of the 2s and 2p states produces
resonantly enhanced nonlinear susceptibility and reduced absorption at the second-harmonic wave-
length, resulting in an increased net e5ciency of the second-harmonic-generation process.

PACS number(s): 42.65.Ky, 42.50.—p, 32.60.+ i

I. INTRODUCTION II. THEORY

Considerable discussion has recently taken place con-
cerning the possibility of obtaining stimulated emission
without population inversion [1-9]. In 1989, Harris
developed a theory [2] to show that when two upper lev-
els of a four-level system are purely lifetime broadened
and decay to the same continuum, there will be a destruc-
tive interference in the absorption profile of lower-level
atoms which is not present in the stimulated emission
profile of upper level atoms, thus resulting in laser gain
without inversion. It was noted that this theory holds for
lifetime broadening of the two upper levels caused by au-
toionization, tunneling, or radiative decay. In the above
processes, the upper levels are coupled by spontaneous
decay to the same final continuum or discrete level.
However, it was also predicted [6] that transparency
could be induced by active coupling of the two upper lev-
els with a strong electromagnetic field. More recently,
Harris, Field, and Imamoglu [8] extended these concepts
to nonlinear processes and showed that the application of
a strong electromagnetic field between metastable and
upper states can resonantly enhance the nonlinear suscep-
tibility of the medium and at the same time induce
transparency and a zero in the contribution of the reso-
nance transition to the refractive index. Moreover, they
predicted that many orders of improvement in conversion
eSciency could be achieved because of the induced trans-
parency.

In a recent paper [10], we demonstrated that coupling
of the metastable and upper levels by an applied dc elec-
tric field yields the same characteristics predicted by
Harris, Field, and Imamoglu [8] for coupling with an
electromagnetic field. In addition, experimental evidence
was given using the behavior of second-harmonic genera-
tion (SHG) that coupling of the 2s and 2p states in atomic
hydrogen leads to reduction in absorption at the center of
the Stark-split components. In the present paper, we give
a detailed outline of the theory applicable to SHG with
reduced absorption using electric-field coupling of the 2s
and 2p states of atomic hydrogen. The experimental pro-
cedures are described, and the observed results are com-
pared with theoretical predictions.

A. Derivation of the density-matrix equations

In an external field, SHG in atomic systems is possible
via the third-order nonlinear susceptibility. Such an
electric-field-induced SHG may also be treated as a
second-order process where the electric field is explicitly
included in the expression for y' '. Here, we have chosen
the latter method, and calculate the polarization using
the density-matrix formalism with a decoupled basis set
of three discrete levels
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2 ), and
~
3 ) having energies

fico„Rco2, and fico3, respectively.
An energy-level diagram of the system is shown in Fig.

1. A strong electric field E„, is applied to the atom to
couple the metastabie state ~2) with state ~3) which radi-
atively decays to ~1) with a rate I'. A laser field of fre-
quency m, is incident on the atom, and radiation at
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FIG. 1. Energy-level diagram for electric-field induced
second-harmonic generation at co, =2', +cob. The vertical

scale on the left shows the energies relevant to atomic hydrogen.
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cu, =2', is produced by SHG. Values of the linear and
nonlinear susceptibilities g'" and y' ' are derived from
the polarization induced by the electromagnetic fields of
frequencies co, and co, and the dc electric field (of fre-
quency cob=0). The Hamiltonian for the system is
defined as H =Ho+H;, where Ho is the field-free Hamil-
tonian and H; is the interaction of the atom with the elec-
tric and electromagnetic fields. These individual contri-
butions may be expressed as the following matrix ele-
ments:
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Here, the rotating-wave approximation was used, and
only resonant terms have been included; the
lM „=e(mIzIn ) are dipole-moment matrix elements for
the transition m~n with linear polarization, 0," are the
Rabi frequencies, and E„are the amplitudes of the elec-
tromagnetic fields. In Eq. (la), Q32 is the dc Stark shift;
in Eq. (lc), the summation is taken over all intermediate
states Ij ). We define Q2, as an effective Rabi frequency
obtained from perturbation theory, and @12=112'Q,2/E
as the corresponding e8'ective dipole moment.

The time-varying density-matrix elements are given by

021
~21~21+ 1 [ 2 Q21(PI 1 P22)dt

—
—,
' Q31~23+ Q23&31)

d0 31
1~~3+31+1I. 2Q31(P11 P33)
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%e then define the matrix 0 by p&1=0», p22=022,
I 2CO E 1tO

p33 0 33 p21 0 21e
'

p31 031e, and p32 0 32.
On substitution in Eqs. (2), we obtain for the off-diagonal
elements

P11 13 31(H; p2, —H, pi2+H—, p3, H; p, 3)+I—'p33,dt + Q31+12 TQ12~31) (3c)

(2a)
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Here, the frequency detunings are hm21=cu2 —~1—2'„
, and Aco32=~3 2 cub. By intro-

ducing phenomenological decay rates in the off-diagonal
terms, the detunings can be expressed as complex values

+c021 +t031 Aco31 ( 1'/2 )I, and b A@32 i3'co32—(i/2)I'. Steady-state solutions are obtained by setting
the time derivatives given in Eqs. (3) equal to zero. These
yield
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2 (4a)

~~21Q31(pl 1 P33 ) +Q32Q21(P11 P22) 43Q32(P22 P33 )

22bco2, b,co3, —2IQ32I

1
~32 I. Q32(P22 P33)+Q31~12 Q12lT31) ~

26c032

(4b)

(4c)

where g'2 =b Fo31Q31/hco32+ Q21Q32/Aco32 and
~@2121/ ~~32+ +31+23' ~@32 Here we have assumed

a strong dc field so that IQ32I » Ihco32I, and weak elec-
tromagnetic fields so that I Q3, I

and
I Q2, I are much small-

er than the detunings
I hco32I and Iht03, I. It may be noted

that under conditions of weak electromagnetic fields, the
steady-state populations are p»-—1 and p22 p33 —0. In
this case, terms containing the factor (p22

—p33) in Eqs.

I

(4a) and (4b) can be neglected.

B. Calculation of the susceptibilities y" ' and g' '

The single atom polarization is given by

(p)=Tr[pp]=p, lr, e '+p, o,e

+I 23&32+c.c.
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Here, we assume that the medium is transparent to the
incident wave, i.e., y"'( —co, ;co, )=0. This expression de-
scribes the generated wave as a superposition of a driven
wave and a freely propagating wave in the medium. If
the medium has nonzero absorption for the generated
wave, the free wave is damped out after a long propaga-
tion path, while the amplitude of the generated wave first
increases and then reaches a stationary value E& as it
propagates through the medium. An ultimate conversion
efficiency g of the SHG process can be defined as

1 X"'(- „.. .)
'9 E

4 y(&)( ~ .~ )
~a

2

where the terms on the right-hand side arise from one-
photon emission and absorption, two-photon emission
and absorption, and the dipole moment induced by Ez„
and c.c. denotes their respective complex conjugates.
The macroscopic polarization at co, is given in terms of
the susceptibilities by

P(co, ) =N(p(co, ) ) =@~"'(—co, ;co, )E„

+ ,'eo)t' '(——co, ;co„co,)E„E

where N is the atom density. We equate the terms pro-
portional to E„and E E of Eq. (5) with the corre-

C
CO Cc)

sponding terms of Eq. (6), and using Eq. (4b) obtain the
expressions for y" ' and y' ', respectively, This clearly shows that with hco2, ~0, an extremely high

conversion efficiency can be achieved at the two-photon
resonant frequency. Also, it should be mentioned that
the phase-matching condition Rely'"( —co„'co, )]=0 is
exactly satisfied at the two-photon resonant frequency
since the real part of y'" gives a zero in the contribution
of the resonance transition to the refractive index.

In practice, the inhomogeneous or Doppler broadening
must be included in the calculation by convolving the
susceptibilities y"' and y' ' over the Gaussian density of
states. The transparency is no longer perfect under these
conditions. However, the linear susceptibility at co, =co2&

can be reduced to nearly zero by increasing the electric
field to a value such that Q3z exceeds the width of the
wings of the Doppler profile. In the above theory, col-
lisional effects have been neglected.

The requirement of a strong dc field for the derivation
of Eqs. (4) results in the condition Ez, )) 1 kV/cm. This
causes no problem since E~, ) 10 kV/cm is needed to
separate the Stark components by a splitting larger than
the Doppler breadth ( —1.4 cm ' ). The second condi-
tion requires weak electromagnetic fields, and results in
I„&7X10 W/cm and I„(1X10 W/cm . While

these conditions were not satisfied by the present experi-
mental parameters, this discrepancy is not serious, as we
shall discuss here. Larger electromagnetic fields imply
that more population is transferred to states ~2) and ~3).
The term proportional to p22

—
p33 in the expression for

o» given in Eq. (4b) may not be negligible compared to
the first term containing the small quantity Aco2, . The
numerator of the linear susceptibility becomes

&~~~(p~~ —p33) —l&32l'(p2~ —p33)/b~,*,, »d the denomi-
nator takes a more complicated form. In this situation,
g' "(—co, ;co, ) cannot be made zero, although it still has a
minimum at co, =cg2, . This indicates that an improve-
ment of the ultimate efficiency will be observed, but q at
co, =co» will be limited by the amplitude of the fields

E„,E, and E~, .
Q C

( CO;CO )—
2e,~ g-„g-„—~fI„~2""""'

1V

Eo& ~~a i ~~3 i ~ &3z I
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Xp&3~
J COJ Na

C. Signi6cance of induced transparency

In SHG, the electric field of the generated wave is
driven by the nonlinear polarization and is described by
the propagation equation:

BE
+ [I+y'' (

—co, ;co, )]E = poco, p(co, ) . —
}z~ c2 C

This equation is solved by neglecting the depletion of the
incident wave and by using the boundary condition
E =0 at z =0 to give

( CO;CO, CO )

~c 2 ~(&)( ~ .~ )

It is clearly seen from Eqs. (7) and (8) that completely
different behaviors are expected for linear and nonlinear
susceptibilities. For instance, y' '( —co„'co, ) takes a zero
value at the two-photon resonant frequency
co, =co2 —co, =co2, . That is, perfect transparency can be
induced by the dc electric field since Aco2&=0. On the
other hand, y' '( —co, ;co„co, ) may have a reasonably
large value at co, =co2, . As shown below, these results
provide the possibility for enormous increase in generat-
ing SH radiation.

X 1 —exp i y'"( —co„co, )z

XE„exp(ik z) .
a C

(10)

D. Numerical calculation of y" ' and g' ' for atomic hydrogen

Here we show the numerical results of g'" and g' ' for
the n =2—1 transition in atomic hydrogen. In these cal-
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culations we use the field-free basis set ~n, l, m, ). State

~
I ) is the

~
ls ) =

~
I,0 0, ) state,

~
2 ) is the

~
2s ) =

~ 2, 0,0 )
state, and (3)= (2p ) = )2, 1,0). The states )2, 1,kl ) hav-

ing ~m, ~

= 1 are not included in the present formulation
since they do not contribute to the polarization for linear-

ly polarized light. The atomic levels ~2s ) and ~2p ) of hy-
drogen have the characteristics required by the above
theory, namely ~2s) is metastable and ~2p) is lifetime
broadened (with a spontaneous decay rate of
I'=6.26X10 s ' [ll]). The strong coupling between

~2) and ~3) is given by H~ =p3zE&, =3aoeEd, =(0.128
cm ')Es, where Ez, is in kV/cm. The calculated ener-

gies of states ~1), ~2), and ~3) are cot=0, co&=82258.939
cm ', and ru3=82259. 147 cm ', respectively (Fig. 1).
For this calculation, the relativistic corrections and the
Lamb shift [12,13] are added to the energy of the n =2
level which in the Bohr model is equal to
IH —RH /4= 82 259.36 cm '. Here IH = 109 678.76
cm ' is the ionization limit of the hydrogen atom [11],
and RH=109677. 58 cm ' is the Rydberg constant in-

cluding the reduced mass correction. It is assumed that
fgQ32 becomes significantly larger than the spin-orbit
splitting, therefore the spin-orbit interaction is neglected.

The calculated values for the susceptibilities in the re-
gion of the two-photon resonance are shown in Fig. 2 for
six different values of the electric field. A Doppler width
of 1.4 cm is included in the calculations. Figures 2(a)

7

/
/

i/
I

4.5

and 2(b) show the magnitudes of ~g' '~ and ~y("~, re-
spectively. The real and imaginary parts of y'" are also
plotted in Figs. 2(c) and 2(d). At the center of the Stark-
split components, i.e., ~, =co2„ the value of
~g'"( —F02»co, )~ quickly approaches zero for increasing
fields. This "induced transparency" has its physical ori-
gin in the interference due to spontaneous decay of the
two closely spaced Stark states (as discussed more fully
below, with Fig. 3). On the other hand, the value of
~g' '( —r02„'ro„co, )~ at the center increases for fields up
to 7 kV/cm. At higher fields, the peak value of ~g( '~

reaches a constant value and the tuning curve splits into
two components, but ~y( '~ still has a reasonably large
value at the center; at 27 kV/cm, ~g' '( —ro2i', co„co, )~

maintains about 10% of the peak value. This is because
two resonantly enhanced y' ' processes interfere con-
structively at the center. Here, it should be mentioned
that the resonance enhancement in the present SHG pro-
cess results in an extremely large value of the single-atom
nonlinear susceptibility at 27 kV/cm. Its peak value was
calculated using Eq. (8) and found to be
1.7X 10 m /V=7X 10 esu; and a large
value of 5X10 m /V=—2X10 esu is still main-
tained at the center. Therefore the ratio
~y' '( —co2„'co„co, ) ~y" '( —

co2i,'ni, )
~

can become extreme-
ly large, indicating a potentially high conversion
efficiency. In other words, the best conditions are
achieved at the center of the Stark-split components be-
cause the absorption becomes exceedingly small for high
fields, and the phase-matching condition is exactly
satisfied, as shown in Fig. 2(d).

To understand how large an improvement may be ob-
tained in efficiency with increasing electric field, ~g"'~ is
shown in Fig. 3 on a semilogarithmic scale. Two impor-
tant characteristics of the line profiles can be seen in this
figure: the Gaussian profile appears as an inverted para-
bola, and the wings of the Lorentzian line shape are seen
extending on each side of the Gaussian profile. At the
center of the Stark components, the Doppler profiles are
added together, but the Lorentzian profiles interfere des-
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FIG. 2. Frequency dependence of (a) ~y"'~, (b) ~y"'~, (c)
imaginary part of y"', (d) real part of y'". The Doppler
broadening is included in these calculations.

FIG. 3. Frequency dependence of ~y"'~~ with logarithmic
scale. Doppler broadening of 1.4 cm (FWHM) is included in

these calculations.
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tructively. As the Stark splitting increases, the contribu-
tions from the Gaussian distribution of both components
rapidly decrease to a small amount, and the destructive
interference of the Lorentzian profiles clearly appears.
By varying the electric field from 7 to 27 kV/cm, the
value of ~y"'( —ro2, ;ni, )~ decreases by seven orders of
magnitude. Increasing the electric field also decreases
~g' '( —A@2„ni„ni, )~ by a factor of 16. However, if a
sufficient interaction length is used in order to allow the
SH beam intensity to reach a stationary value, the
efficiency g could increase by more than a factor of 10 .

III. EXPERIMENTAL METHOD

Excimer

Laser Dye Laser

Solarblind

Photomultiplier

H2

Anode

/N

ionization E

Vacuum Chamber
Plates

Vacuum

Monochromator &

» ~-~~-I~ ke Signal
Lens

FIG. 4. Experimental arrangement used to study second-
harmonic generation in atomic hydrogen with dc electric-field-
induced transparency. BBO refers to the nonlinear optical crys-
tal of P—barium borate, and N.D. to the neutral-density filter.

The present experiment was conceived as a simple test
of the above theory. For this purpose, it was necessary to
measure the incident laser power and frequency in the re-
gion of 243 nm, the power of the generated SH radiation
near 121.6 nm, and the electric field applied to the H
atoms. The one-photon absorption at Lyman-a radiation
was measured indirectly by monitoring the number of
ions produced by photoionization.

A schematic diagram of the experiment is shown in
Fig. 4. Tunable radiation was generated near 486 nm us-

ing a dye laser system with coumarin 500 dye (Exciton
Chemical Corp. ) pumped by a XeC1 excimer laser (Lu-
monics TE-861M-2). The oscillator (of Littman
configuration [14]) and two amplifiers were pumped
transversely at 7 Hz. Peak powers of up to 350 kW were
emitted in pulses of 6-ns duration, and in a linewidth of
0.23 cm ' full width at half maximum (FHWM). This
radiation was frequency doubled in a P—barium borate
crystal 7 mm in length, generating pulses of 6-ns duration
at 243 nrn, with peak powers of 45 kW. A quartz prism
separated the 486- and 243-nm beams. The frequency of
the visible beam was calibrated [15] with an optogalvanic
uranium lamp to an accuracy of 0.07 cm '. A quartz Hat

reflected 4&o of the uv beam into a biplanar phototube
(Hamamatsu R1193-02) for power measurements.

The experimental chamber consisted of a six-port cross
of stainless steel, evacuated with a diffusion pump (TM-

Vacuum Products, Model 641) to a pressure of 2X10
Torr. The incident linearly polarized laser beam entered
the chamber through a quartz window which was 5 mm
thick to avoid polarization changes induced by
birefringence caused by stress. Hydrogen atoms were
generated in a dc glow discharge of H2 gas placed at the
top of the chamber. The discharge was operated at a
pressure of 457 mTorr and a current of 50 mA, using
commercial ultrahigh-purity-grade gas (Can. Liquid Air
Ltd. , 99.999%) without further purification. As shown in
Fig. 4, a beam of H atoms was directed to the experimen-
tal chamber by a pyrex finger (7 cm long) attached near
the midpoint between the discharge tube electrodes. The
H-atom density was estimated to be =10' cm . The
Pyrex finger was terminated by an aluminum [16] block
1.5 mm thick, having an aperture 0.9 rnm in diameter
that served as a nozzle for the H-atom beam. This block
and a nickel mesh placed 1.3 mm below served as elec-
trodes for applying a variable dc electric field (up to 27
kV/cm) to the atomic beam. The electric field was cali-
brated from the measured Stark splitting of the n =2
state. The mesh electrode was also used to collect ions
produced by three-photon ionization and the resulting
signal was ac filtered, amplified, and sent to a boxcar
averager (Stanford Research Systems SR250). This signal
provided an absolute measurement of the number of pho-
toions produced by the incident beam.

The 243-nrn laser beam was focused into the chamber,
midway between the electrodes using a lens of 30-cm fo-
cal length. At the focal point, the laser beam size was
measured to be 38 pmX32 IMm FWHM, with Gaussian
profiles. The interaction length with the hydrogen beam
was measured by translating the hydrogen source in a
direction perpendicular to the incident laser beam while
monitoring the ion signal, and an interaction length of 2
mm was obtained. Second-harmonic radiation passed
through a series of three apertures (3 mm in diameter and
spaced by 8 cm), in order to reduce stray scattered light,
and was dispersed by a vacuum spectrometer (McPherson
225). For absolute measurements [17] of the vuv radia-
tion power, the bafBes were replaced by an ionization cell
[18] (Fig. 4) with the transmitted power inonitored as the
cell pressure of NO was increased.

The entrance and exit slits of the spectrometer were 50
pm wide (giving a spectral resolution of 0.05 nm). A
solar-blind photomultiplier (EMR Photoelectric 5416-
08-17) was used to measure the power of L radiation.
The signals were processed with a boxcar averager and
stored in a computer. For every experiment, a back-
ground measurement was taken by turning off the hydro-
gen discharge (thus fiowing H2 in the experimental
chamber) with all the other parameters unchanged, and
this was subtracted from the measured signal.

IV. RESULTS AND DISCUSSION

Experimental data were obtained to confirm the
correct behavior of g"' and g' ' for the electric-field-
induced SHG treated here. First, an investigation of the
dependence of SH power on incident laser power was car-
ried out, with good signal-to-noise measurements ob-
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FIG. 5. Second-harmonic power at the resonance frequency
as a function of the applied electric field Ed, for fields up to 27
kV/cm, with incident power of 35 kW. The solid curve shows
the predicted dependence.

tained at Ed, =1200 V/cm. As expected, the SH power
varied as the square of the incident laser power, and was
observed to maintain this dependence up to incident
powers of -30 kW. At higher powers, three-photon ion-
ization reduced the density of atoms in the ground state
resulting in reduced power of generated SH radiation,
and thus all further measurements were carried out at in-
cident powers less than 30 kW. It may be noted that no
difference in SH power was discernible when the plane of
polarization of the incident beam was either parallel or
perpendicular to the applied dc field, but a reduction in
SH power by a factor greater than 20 resulted with in-
cident circularly polarized light.

A second set of data measured SH power as a function
of the applied field Ed„and was obtained by varying the
voltage applied to the mesh electrode. The voltage was
ramped through the full range (0—4 kV), with measure-
ments repeated 30 times and averaged, for a laser fre-

quency fixed at co, =41 129.47 cm ' (2', being in reso-
nance with the unperturbed 2s level). The observed
dependence of SH power with applied fields up to 27
kV/cm is shown in Fig. 5. For fields up to -6 kV/cm,
the expected quadratic behavior of the power dependence
was obtained, but at fields in excess of 7 kV/cm, a de-
crease of the SH power occurs. It should be mentioned
that the decrease becomes slower above 14 kV/cm, and
that the SH power at 27 kV/cm is maintained at about
9%%uo of the maximum value at 7 kV/cm.

The above results are well explained by the theoretical
behavior of ~g' '~ at the center of two Stark-split com-
ponents, shown by the solid curve in Fig. 5. It is impor-
tant to note that the slow decrease above 14 kV/cm is a
result of the constructive interference in the g' ' process,
which maintains the resonantly enhanced ~y' '~ value at
the center, even at high fields. The agreement between
the observed and calculated results is even more striking
in the observed tuning curves of SH radiation. An exam-
ple is given in Fig. 6(a) where the measured SH power is
plotted as a function of frequency for three different
values of the field, Ed, =4.5, 12, and 20 kV/cm. These
curves are seen to be in good agreement with the theoreti-

4.5 kV/cm

(a)

82255 82260 82265

(b)

82255 82260
FREQUENCY (cm )

82265

FIG. 6. Frequency dependence of (a) second-harmonic
power, (b) ion signal. These results were obtained for Ed, =4.5,
12, and 20 kV/cm, and incident power of 30 kW.

cal results of Fig. 2(a), and in fact reproduce the predict-
ed envelopes in detail. Spectra obtained at other values
of Ed, also agreed with theoretical predictions. Only one
adjustable parameter was used in these calculations,
namely the Doppler width, and a value of 1.4 cm ' was
necessary to fit the line profiles. This Doppler width cor-
responds to a temperature of -300'C, and is consistent
with a measurement of the fluorescence linewidth.

Thus we have demonstrated the ~g' '~ behavior experi-
mentally via the tuning curve of SH power. Also, it
would be important to estimate experimentally the abso-
lute ~y' '~ value from the measurement of the SHG con-
version efficiency under the present conditions of low
density and short interaction length. The conversion
efficiency was IsH/IO=9. 3X10 obtained with 30-kV
incident power, generating 28 mW of SH radiation at
co, 82 259.0 cm '. The measurement was carried out at
a field Ed, =7 kV/cm, corresponding to the field at which

is the largest, Fig. 2(a). With this value of the con-
version efficiency, and experimental parameters L =2. 1

mm, IO=3X10 W/cm (30 kW focused to a 35-pm
spot), and NH=10' atoms/cm, the single-atom ~y' '~

was calculated to be 2X10 m /V—:8X10 esu at
this field, in excellent agreement with the theoretical
value of 1.7X 10 m /V (cf. Sec. II D).

Finally, in order to confirm the predicted behavior of
an alternative to absorption measurements was

necessary since the slight absorption detected at the
peaks of the SHG tuning curves was inadequate for ob-
taining accurate values. Thus estimates of absorption
were provided by simultaneous measurements of SH
power and photoions produced by the incident beam.
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First, we discuss how the number of ions is related to an
absorption measurement. The ions are produced in a
two-step process: two-photon absorption (2', ) from the
ground state followed by one-photon (co, ) ionization. To
calculate the number of ions, we assume that the one-
photon ionization rate from states ~2) and ~3) is in-
dependent of frequency within the 10-cm ' tuning range
of interest in the present work. Therefore the observed
three-photon ionization is proportional to two-photon ab-
sorption from the ground state, which is determined from
the imaginary part of the two-photon term of the polar-
ization given in Eq. (5), namely

5 I

CO
Z0 3
0
CC

4 8 12 16

ELECTRIC FIELD (kVicm)

20 24 28

Im(o z,p, z) = Im p&zzi
2bcgq(bc@3, —2~03'~~

(12) FIG. 7. Measured number of ions corrected for the 3%%uo back-
ground as a function of the electric field. The solid curve shows

Ix
Equation (12) has some similarity to Eq. (7), but here
Ec03] instead of Acoz, appears in the numerator. This im-

plies that the two-photon absorption (and thus the ion
signal) will closely follow the imaginary part of g"', but
without an exact zero at the center of the two com-
ponents. A small contribution occurs because state ~3)
has a nonzero radiative decay rate, and therefore
bco3&%0. With Doppler broadening included in this

strongly coupled system, the difference between the ab-
sorption of two photons at co, and of one photon at co,

becomes relatively small. Thus we conclude that mea-
surement of the photoion signal is equivalent to one-
photon absorption, and is far more sensitive experimen-
tally.

We now compare the experimental results of photoions
produced, given in Fig. 6(b) with the calculated imagi-
nary part of y'" or photon absorption, given by Eq. (7)
and shown in Fig. 2(c). The important features of the ex-
perimental curves, such as frequencies and amplitudes of
the peaks, are well reproduced by the theoretical curves.
Here, we point to the significant decrease of ion signal or
absorption at the center of the Stark components to
essentially zero with increasing field. A detailed exam-
ination of ion measurements revealed that while the sig-
nal at the center of the Stark components drops to -3%
of the peak value, it remains at this value for applied
fields greater than 20 kV/cm, instead of reducing to zero.
A possible experimental reason for this residual signal is
that it is caused by ionization of hydrogen atoms located
outside the region delimited by the electrodes, but in the
path of the incident laser beam. In this region of lower
(fringe) electric fields, the Stark levels are split by a small-
er amount, but ionization may occur producing a con-
stant background of ions. Therefore, in comparing the
measured signals with the calculated values based on
Im~g'"( —co&„co,) ~, the background of 3%%uo was subtract-
ed from the measured signal at 27 kV/cm. The corrected
values are plotted in Fig. 7, which presents the depen-
dence of ion signal on applied electric field. It is seen that
the calculated dependence of y"'( —

co~, ;co, ) closely fol-

lows the measured ion signal as it quickly decreases with
increasing field, and at 20 kV/cm becomes less than 1%
of the maximum observed with small fields. This is in

strong contrast to the behavior of g' ', which remains at

-40% of its maximum value, on resonance. It should be
noted that the observed reduction of ion signal is not due

simply to the separation of the Stark components, nor to
competition between harmonic generation and multipho-
ton ionization processes [19,20], since the atomic density
and absorption in the present experiments were
insufficient for such competitive processes.

In the present experiments, the interaction length and
density were insufficient to allow the generated SH wave
to reach a stationary value, so that the ultimate efficiency

g defined in Eq. (11) could not be determined. However,
from the above good agreement between experiment and
theory for y' ' and y"', the conditions for achieving high
conversion efficiency should be realized in the present
SHG process with atomic hydrogen.

V. CONCLUSION

In summary, it has been shown theoretically that cou-
pling of a metastable state and a nearby upper state with
a strong applied electric field can resonantly enhance the
nonlinear susceptibility of a medium and simultaneously
induce transparency and a zero contribution of the reso-
nance transition to the refractive index. The behavior is
equivalent to the coupling by a strong electromagnetic
field which was first predicted by Harris, Field, and
Imamoglu [8]. These theoretical results were applied to
the coupling of the 2s and 2p states of atomic hydrogen,
and the values of y"' and y' ' as a function of frequency
were determined showing their dependence on the ap-
plied field.

The theoretical predictions for y'" and y' ' were tested
and confirmed experimentally by measurements of
second-harmonic generation at Lyman a in atomic hy-

drogen. In particular, evidence for enhanced SHG and
reduced absorption was obtained. A conversion
efficiency of —10 was observed in a 2-mm interaction
length at a density of 10' atoms/cm . From a simulation
of the scaling characteristics of the SHG process and us-
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ing Eq. (11) together with the present data, it is expected
that the efficiency can be improved by several orders of
magnitude [21],and lead to a powerful source of coherent
radiation at Lyman a. While the present work has dealt
with a simple atomic system in the gaseous state, this
theory should be applicable to molecular media as well as
to the liquid and solid states.
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