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Resonant sum-difference frequency mixing enhanced by electromagnetically induced
transparency in krypton

C. Dorman* and J. P. Marangos
Laser Optics and Spectroscopy Group, Blackett Laboratory, Imperial College of Science, Technology and Medicine,

London SW7 2BZ, United Kingdom
~Received 2 March 1998!

We report experiments that investigate the generation of coherent VUV radiation at 123.6 nm via a resonant
sum-difference frequency mixing scheme in Kr. One of the mixing fields at 212.55 nm was in two-photon

resonance with the transition between the 4p6 1S ground state and the 4p5 5p@0,1
2 # excited state~94 093.7

cm21!. The second field~the coupling field! at 759 nm was in single-photon resonance with the transition

between the 4p5 5p@0,1
2 # state and the 4p5 5s@1,1

2 # state at 80 917.6 cm21. The presence of the coupling field
leads to electromagnetically induced transparency~EIT! at the wavelength of the generated field, 123.6 nm.
This is predicted to enhance the four-wave-mixing efficiency by a large factor. We have studied the depen-
dence of the four-wave mixing process on the detuning and strength of the coupling field. The efficiency for
four-wave mixing was found to be enhanced by a significant factor~.5! by the EIT effect when the resonant
coupling field strength exceeded about half the Doppler width~0.1 cm21!. A calculation for monochromatic
fields and a uniform slab of gas provided qualitative agreement with the results of experiment. The relative
conversion efficiency for this resonant mixing scheme is found to be 104 times greater than that for a similar
scheme where the coupling laser is tuned far~1270 cm21! off resonance. A substantial part of this resonant
enhancement can thus be attributed to the EIT effect.@S1050-2947~98!00511-3#

PACS number~s!: 42.65.Ky, 42.50.Gy, 42.50.Hz
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I. INTRODUCTION

Nonlinear optical processes are used to generate coh
radiation at frequencies beyond those where lasers norm
operate. For example, frequency doubling in optical crys
of tunable~pulsed or cw! laser light in the visible range ca
be used to provide bright sources of tunable coherent ra
tion in the ultraviolet~UV! range of the spectrum~400–200
nm!. Likewise, in the infrared range~1.0–5.0mm! optical-
parametric conversion in optical crystals is widely used
down-convert coherent light from the visible/near IR regio
Frequency mixing in optical crystals can be very efficie
with the energy conversion efficiency from fundamental
the new wavelength being;0.1–0.5 or more. High conver
sion efficiencies are obtained since in the operating rang
these crystals they have a high nonlinear susceptibility w
remaining transparent, and good phase matching can
maintained over lengths of many tens of millimeters by us
the birefringent properties of these crystals@1#.

In the vacuum ultraviolet~VUV ! ~,190 nm! no transpar-
ent nonlinear optical crystals exist and to generate cohe
radiation via nonlinear up-conversion in this waveleng
range requires the use of atomic and molecular gases
vapors. Four-wave mixing of pulsed laser radiation in atom
gases has been developed over the past two decades@2#, with
various techniques being employed, for example nonreso
third-harmonic generation~THG! @3#, parametric stimulated
Raman up-conversion@4#, and two-photon resonance e
hanced sum and sum-difference frequency mixing@5,6#. The
last of these methods has been particularly successful

*Electronic address: c.dorman@ic.ac.uk
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cause it provides, from a single atomic mixing scheme
wide spectral coverage with a two-photon resonantly
hanced nonlinear susceptibility. Conversion efficiencies
up to ;1024 are routinely possible with these methods, a
by introduction of buffer gases to optimize phase match
further increases of conversion efficiency to.1024 ~@6#, for
example, corresponding to peak powers of.100 W at 121.6
nm! can be achieved.

Despite these demonstrations the conversion efficien
obtained via four-wave mixing in atomic and molecul
gases remain very small compared to the conversion effic
cies achieved in nonlinear optical crystals. The reasons
this are that the per atom nonlinear susceptibility is gener
low in these schemes since the generated field is usu
detuned from any allowed atomic transition. This requi
ment for the generated field wavelength along with the mu
lower atom densities in a gas compared to a solid-state
dium, results in the small conversion efficiencies. Reson
enhancement can be used to improve the conversion
ciency through an increase in the nonlinear susceptibility
the generated field is near resonance, however, the incre
nonlinear susceptibility will be associated with undesira
high absorption and high dispersion. Thus both the abso
tion length~over which the generated field is absorbed! and
coherence length~over which phase matching is maintaine!
will be very short in this case. At typical atom densities
1016 cm23 these lengths will be on the order of;1 mm,
leading to a reduced advantage in resonant frequency mi
despite the large nonlinear susceptibility. So although th
can be an increase in conversion efficiency by working
resonance the full potential of this will not, in general,
exploitable.

A way to enhance greatly the conversion efficiencies
4121 ©1998 The American Physical Society
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4122 PRA 58C. DORMAN AND J. P. MARANGOS
resonant four-wave mixing schemes was proposed by Ha
Field, and Imamoglu in 1990@7#. The key to this proposa
was to create a laser dressed medium for which the nonli
susceptibility remains resonantly enhanced while the lin
susceptibility is reduced to very small values. This sche
utilizes laser-induced quantum interference or electrom
netically induced transparency~EIT! to cause the destructiv
interference of the amplitudes associated with the reso
linear susceptibility while the amplitudes associated w
nonlinear susceptibility see constructive interference.

EIT processes can occur in a three-level atomic system
the ladder orL configurations, i.e., comprising a ground sta
u1&, an excited stateu3& dipole coupled tou1&, and an excited
stateu2& that is dipole coupled tou3& but not tou1& @Fig. 1~a!#.
We consider the situation when two laser fields, frequenc
vP and vC , are applied to this system close to resonan
wherevP is a weak probe field~strengthVP) on theu1&-u3&
transition andvC is a strong coupling field~strengthVC) on
the u2&-u3& transition. Assuming that there is negligible pop
lation in the upper statesu2& and u3& throughout the process
any changes in absorption will be due to the effects of in
ference and not population changes. In the limit ofVC@g
.VP ~whereg is the larger radiative decay rate in the thre
level system, i.e., spontaneous decay of stateu3&! the inter-
action between the coupling field and the atom must
viewed as inherently nonperturbative. A useful basis wit
which to view this situation is the dressed-state basis@8#. The
dressed states formed when the coupling field is reso
(v232vC50) are coherent superpositions of the two upp
statesu2& and u3&:

ua&5~1/A2!@ u2&1u3&], ~1a!

ub&5~1/A2!@ u2&2u3&]. ~1b!

The amplitude for a transition at the~undressed! resonant
frequency (E32E1)/\ from the ground stateu1& to the
dressed states will be the sum of the contributions to st
ua& and ub&. Assumingu2& to be metastable, the contribution

FIG. 1. ~a! shows the standard configuration for a ladder E
scheme in a three-level atomic system. The ground stateu1& is di-
pole coupled tou3& but not to u2&; u2& is dipole coupled tou3&. If a
coupling field of frequencyvC is applied to theu2&-u3& transition a
probe field at frequencyvP applied resonantly to theu1&-u3& transi-
tion will experience reduced absorption due to EIT.~b! shows
how the same energy level scheme can be incorporated into a
nant four-wave mixing scheme that generates a field atvP . In this
mixing scheme an additional field atva , in two-photon resonance
with the u1&-u2& interval, is applied along with the single-photo
resonant coupling fieldvC , which induces transparency for th
radiation generated at 2va2vC5v31.
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from the u1&-u3& transition cancel since they enter the su
with opposite signs. The cancellation of absorption on
u1&-u3& transition can equivalently be viewed in terms of Fa
type interference@9,10#.

The basic EIT ladder scheme of Fig. 1~a! can be incorpo-
rated within a resonant four-wave mixing scheme@Fig. 1~b!#
if an additional field, frequencyva , is applied in two photon
resonance with theu1&-u2& transition~i.e., v1252va). In this
case the field generated in the four-wave mixing process
be at frequencyvg5v31. Therefore this frequency mixing
scheme not only uses two-photon resonance on theu1&-u2&
transition ~as already much investigated@5,6#!, but also
single-photon resonance on theu2&-u3& transition. In the laser
dressed medium the susceptibilities will be of the fo
shown in Fig. 2~these are discussed in detail in Sec. II!. If
the coupling laser strengthVC is a few times larger than the
Doppler width in the medium then RexD

(1) and ImxD
(1) at

resonance will be reduced to very small values. Thus
absorption and coherence lengths will become much large
resonance than in the undressed case. The increase i
absorption length will be from values of a few micromete
to many millimeters in a medium of number densi
1016– 1017 cm23. xD

(3) will, in contrast to the linear terms
be subject to constructive interference and so will still d
play a degree of resonant enhancement giving a high v
for the per atom susceptibility. The combined effect of t
increased nonlinear susceptibility and the greatly increa
absorption and coherence lengths leads to an enhanced
version efficiency for the four-wave mixing scheme. T
generated field is produced with an intensity determined
the limit of a long medium, by a factor proportional t
uxD

(3)/xD
(1)u2. Calculations made for plausible experimen

conditions predict this factor to be increased by 104 between
the undressed and dressed limits@7#.

These quantum interference induced enhancements in
quency mixing conversion efficiencies can be realized i
practical scheme, providing that the phases of the cohere
induced by the coupling laser can be sufficiently preser
during the interaction time. For a pulsed laser experim
this amounts to the requirement that the laser field be sin
mode and transform limited. It is also required that the c
lisional dephasing and other dampings of the stateu2& life-
time ~e.g., photoionization! are maintained at levels such th
they do not exceed the leading spontaneous decay rate
the system.

Experimental demonstrations of EIT effects on the line
susceptibility ~absorption! in strontium and also lead wer
provided in 1991@11,12#. These experiments confirmed th
effectiveness of laser-induced quantum interference by
creasing the transmission of an initially opaque medium
factors of more thane10. The EIT effect on phase matchin
~i.e., to cause good phase matching! was demonstrated in
Stanford in a lead four-wave mixing scheme@13#. This was
shown to enhance the conversion efficiency of the gener
283-nm ultraviolet radiation by a factor of 50 compared
the weak field limit. Theoretical work by Harris and Luo@14#
has established a condition for the preparation ene
~equivalent preparation time! required to create transparenc
To create EIT the laser pulse energy must exceed\v times
the product of the atom number and the ratio of probe
coupling oscillator strengths.

so-
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PRA 58 4123RESONANT SUM-DIFFERENCE FREQUENCY MIXING . . .
EIT enhanced nonlinear frequency mixing was first de
onstrated in hydrogen by Zhang and co-workers@15#. In this
and subsequent experiments@16,17# a microwave discharge
source was used to provide a beam of H atoms with h
values of the density-length product. This parameter wa
high as 331015 cm22 in these experiments. A laser at 24
nm excited the 1s-2s two-photon transition while a strong
single-mode, coupling field at 656 nm was applied at re
nance to the 2s-3p transition. Both laser fields were ob
tained from single-mode pulsed dye lasers. In this sche
resonant enhanced four-wave mixing occurred in the p
ence of EIT, with a generated field at 103 nm near the 3p-1s
transition. The generated field intensity was produced wit
conversion efficiency of 231024. Further increase in con
version efficiency may be possible but would require

FIG. 2. The calculated Doppler averaged dressed susceptibi
Im@xD

(1)# ~top!, Re@xD
(1)# ~middle!, and uxD

(3)u ~lower! are shown as a
function of detuningDg ~normalized to the Doppler width! for the
Kr four-wave-mixing scheme. The coupling laser is in sing
photon resonanceDC50 in these plots. The results shown are f
the cases of a coupling Rabi frequency set atVC50.25gDoppler and
VC52.5gDoppler. In the plots of Im@xD

(1)# and uxD
(3)u a logarithmic

vertical scale in arbitrary units has been used. For Re@xD
(1)# a linear

scale is used.
-
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creased density-length products, something difficult
achieve in a hydrogen beam. More recently@18# these au-
thors have reported EIT enhanced XUV radiation produc
in the wavelength region 97.3–92.6 nm by utilizing th
2s-np resonances in H (n54 – 8).

We have investigated a resonant frequency mix
scheme in Kr that generates VUV radiation at the wa
length of 123.6 nm. The energy levels of Kr form a thre
level system between the ground state 4p6 1Su1& at 0 cm21,

the excited state 4p5 5p@0,1
2 #u2& at 94 093.7 cm21 ~which is

not accessible by a single photon transition fromu1&! and the

state 4p5 5s@1,1
2 #u3& at 80 917.6 cm21, which is dipole

coupled to bothu1& and u2&. In the sum-difference mixing
scheme involving these three levels, the two-photon reson
field must be tuned to 212.55 nm and the coupling field
758 nm. In contrast to the sum mixing experiments in H t
is a sum-difference scheme, although this should make
difference, in principle, to the EIT effects that occur. Mo
significantly, however, krypton is available as a monatom
gas that can provide arbitrarily large density-length produ
Thus optimal values of density and length can, in princip
be used. The experiments reported here were all perfor
in a Kr gas jet provided by a pulsed gas valve.

We have studied in particular the dependence of the g
erated VUV intensity as a function of the two-photon res
nant and coupling laser field strengths. The dependenc
the latter has been studied over a range of the density-le
~NL! product and for various detuning values for the co
pling laser. These results show the effects of the laser dr
ing on four-wave mixing. An appreciable enhancement in
conversion efficiency was apparent at values of the coup
field strength*0.03 cm21. This corresponds to the estimate
preparation energy condition@14# but is less than the 0.1
cm21 Doppler width. The enhancement due to EIT on t
frequency mixing efficiency was found to be by a factor o
or more. Further, a measurement was made of the rela
enhancement in the conversion efficiency on resonance c
pared to a measurement made under otherwise identical
ditions but with the coupling laser tuned far off resonan
~1270 cm21! ~but two-photon resonance maintained!. The
resonant case showed a factor of 104 higher conversion effi-
ciency than the off-resonant case. Thus we can conclude
the EIT effect plays a significant role in the resonant e
hancements established in this experiment.

The remainder of this paper takes the following form.
Sec. II we briefly review the method used to calculate
laser dressed susceptibilities and to compute their Dop
averaged values and to calculate the intensity of gener
light. In Sec. III our experimental apparatus and method
described. Section IV then presents the results of these m
surements and these are then discussed in Sec. V.

II. CALCULATION OF DRESSED SUSCEPTIBILITIES
AND FOUR-WAVE MIXING

We will discuss now the calculation of susceptibilities
a three-level atom with levelsu1&, u2&, andu3& forming a lad-
der system, coupled by fields as shown in Fig. 1~b! so as to
result in four-wave mixing. The susceptibilities were foun
by solving the equations of motion of the density matrices
the atom under steady-state conditions. After Doppler av

es
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4124 PRA 58C. DORMAN AND J. P. MARANGOS
aging the resulting susceptibilities were used in a propa
tion calculation to yield the dependence of the genera
VUV signal on various parameters that can be compa
with the experiment results. A fuller description of th
method used can be found in@19#, and here we will provide
only an outline.

The Hamiltonian of the system is of the form

H5H01V, ~2!

whereH0 is the unperturbed atomic Hamiltonian

H05\v1u1&^1u1\v2u2&^2u1\v3u3&^3u ~3!

and the Hamiltonian for the interaction with the electroma
netic fields isV:

V5\Vaexp~2 i2vat !u2&^1u1\VCexp~2 ivCt !u2&^3u

1\Vgexp~2 ivgt !u3&^1u. ~4!

Va is the effective two-photon Rabi frequency arising fro
the two-photon resonant field at frequencyva , VC is the
coupling field Rabi frequency, andVg is the Rabi frequency
of the generated field@where\V i5m i uE(v i)u#.

The evolution of each density matrix element is describ
by the Liouville equation

\
]rnm~ t !

]t
52 i(

k
Hnk~ t !rkm~ t !

1 i(
k

rnk~ t !Hkm~ t !1Lnm , ~5!

where Lnm in Eq. ~5! is a phenomenological decay term
This system of equations can be solved to yield values
each of the matrix elements. To do this the rotating-wa
approximation is made and the terms in the equations
motion are transformed into a rotating frame such that al
the frequencies are eliminated with the exception of the
tunings:

Da5v1322va ,

DC5v322vC , ~6!

Dg5v212vg .

These detunings are one of the key parameters that ca
varied during an experiment.

Further it is assumed that the system is closed so tha
population sumr111r221r3351. In the conditions of the
experimentVC@Va ,Vg and also, in practice, it is alway
true thatr11@r22,r33. In the calculations considered he
the matrix elements are calculated in the steady-state li
All fields, other thanVC , are assumed to be weak so the
effects are usually only retained up to first order. ButVC is
retained to all orders in the calculation. An exception to t
was in the calculation of the dependence of the four-w
mixing on the field strengthVa , for these higher-order term
were also retained for this parameter. A set of differen
equations of the form~5! @19# is obtained. These can b
a-
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solved in the steady-state limit by a straightforward invers
of what reduces to an 838 matrix. This inversion was per
formed usingMATHEMATICA .

The phenomenological dampings in Eq.~5! include the
spontaneous decay rates appropriate for these states o
The effects of collisions and photoionization on these dam
ing rates were, however, ignored. The omission of collisio
dampings is consistent with their expected values in this s
tem under the density conditions likely (,1017 cm23), being
at least an order of magnitude less@20# than the leading
spontaneous decay rates. Photoionization of stateu2& will oc-
cur under the experimental conditions due to the presenc
the field atva but is found to be still significantly smalle
than spontaneous decay rates ofu3& ~see Sec. IV!. Monochro-
matic fields are assumed in this calculation of the den
matrix. Inserting a laser linewidth into a steady-state cal
lation, for instance, by adding an additional phenomenolo
cal decay due to Wiener-Levy phase diffusion@21# of the
fields, is a procedure that can greatly overestimate their
fect in a pulsed laser experiment. As a transform limit
coupling laser is employed, the amount of dephasing o
the laser pulse duration~the interaction time! is only of the
orderp radians and so is not significant.

The inverted matrix yields the steady-state values of
matrix elements. The relevant matrix element for the gene
tion of the field atvg is r31. The macroscopic polarization a
vg is described in terms of the density matrix by the follow
ing expression:

P~vg!52Nm13r13. ~7!

Within the matrix elementr13 are contained, to all orders
the terms relevant for calculating the dressed susceptibil
of the system, i.e.,xD

(1)(vg ;vg) andxD
(3)(vg ;2va ,vC). It is

important to recognize that these quantities~even the ‘‘lin-
ear’’ terms xD

(1)) are inherently nonperturbative since the
include the interactionVC to all orders.

In matching the calculations to the experiments, the mo
fications due to the Doppler effect must be incorporated i
the susceptibilities. Random Doppler shifts due to the M
wellian velocity distribution of the Kr atoms cause a dist
bution in the detunings@defined by Eq.~6!# for the ensemble
of atoms. The response of the medium, characterized by
susceptibilities, at a given set of applied laser frequenc
must therefore include the Doppler broadening via perfor
ing the weighted sum over these detunings. Due to
Gaussian form of the Maxwellian velocity distribution, th
effect on susceptibilities from atoms in velocity classes s
nificantly larger than the width of the distribution~i.e., giv-
ing rise to frequency shifts significantly larger than the Do
pler width! will be negligible. The results, after Dopple
averaging, for the susceptibilities ImxD

(1) , RexD
(1) , and x (3)

are shown in Fig. 2. The calculation was performed forVC
50.25 cm21 (VC52.5gDoppler) and for VC50.025 cm21

(VC50.25gDoppler). This illustrates how for these condition
the values ofxD

(1) are greatly reduced relative to the wea
field case, whilexD

(3) remains partially resonantly enhance
For VC50.25gDoppler the absorption length in a medium o
density 1016 cm23 ~typical value for density in these exper
ments! will be 2 mm. ForVC52.5gDoppler this has increased
by a factor of 63103 to 12 mm. For a long medium@7# the
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FIG. 3. A simplified schematic diagram of the experiment~not to scale!. This illustrates how the main components of the experiment
integrated to provide temporal and spatial coincident laser pulses~at 212.55 and 759 nm! within the Kr medium~vacuum system omitted!.
The generated VUV light is separated from the input laser radiation using the spectrometer and detected by a solar-blind photo
tube.
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generated field intensity will scale with the value
uxD

(3)/Im xD
(1)u2. We see from the data in Fig. 2 that this p

rameter will increase by a factor of;103 betweenVC
50.25gDoppler andVC52.5gDoppler.

The correct calculation of the intensity generated atvg
proceeds by the substitution of these dressed and Dop
averaged susceptibilities into the propagation equation
rived from Maxwell’s equations:

]Ag

]z
5 i

vg

4c
xD

~3!Aa
2ACexp@2 iDkgz#

2
vg

2c
Im xD

~1!Ag1 i
vg

2c
Re xD

~1!Ag , ~8!

where Ai ’s are the electric field amplitudes, andDkg the
wave-vector mismatch for the generated field defined
Dkg5kg1kC22ka , where these wave vectors are also d
rived from the dressed and Doppler averaged susceptibili
This equation can be solved analytically for a homogen
medium with a well-defined length and this operation w
carried out~again usingMATHEMATICA ! to generate a genera
analytical expression for the intensity of the generated fie
A fuller description of this procedure and the assumptio
employed can be found in@19#.

The calculations of generated field intensities are m
under the assumption of monochromatic applied fields. T
is consistent with the approach of Harris, Field, and Imam
glu @7# for the treatment of transform limited coupling. How
ever, this ignores the issue of that portion of the two-pho
field spectrum that may lie outside the transparency wind
and in the region where the phase matching is still poor.
ler
e-
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III. DESCRIPTION OF THE EXPERIMENTAL
APPARATUS AND PROCEDURES

Electromagnetically induced transparency depends u
the coupling laser field preparing atomic coherence, there
the dephasing rates of these coherences are of critical im
tance in any experimental realization of EIT. A necess
condition is that the coupling field should be single mo
and, if pulsed, be near transform limited. To achieve this
have employed a commercially available laser system c
prising an optical parametric oscillator pumped by the s
ond harmonic of an injection seeded Nd:YAG laser. T
output of this laser was tunable in the range 750–850 nm
this capability was used in some of the experiments repo
here. Most measurements were, however, made with the
ser tuned close to~i.e., within the Doppler width of! exact
resonance at 758.94 nm.

The experimental apparatus is shown in a simplified sc
matic form in Fig. 3. The optical parametric oscillator OP
was a Mirage 800~Continuum! and was pumped by the sec
ond harmonic of a Powerlite 7010~Continuum! injection
seeded Nd:YAG laser that ran at a repetition rate of 10
The OPO cavity employed in this laser is kept short, with
mode spacing;3 GHz, and this facilitates the stable oper
tion of the laser on a single mode@22#. Typically less than 25
mJ of green light was required to pump the oscillator. T
output from the oscillator was amplified in a series of Ti:sa
phire amplifiers, pumped by the remaining 532 nm radiat
from the Nd:YAG. This system reliably operated on a sing
mode, with single mode operation that could be maintain
even if the laser were tuned over a modest range of620
cm21 via the use of active feedback to the rear mirror. T
pulse duration was,4 ns and it was believed to be close
the transform limit with a bandwidth of;200 MHz ~0.007
cm21! @22#. The beam quality was about 1.5 times diffractio
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4126 PRA 58C. DORMAN AND J. P. MARANGOS
limited and characteristically oval in shape.
This laser could generate pulse energies of up to 30 m

758 nm, but typically for the experiments described in t
paper the pulse energies employed were in the range 0.0
mJ. Nonetheless reduced shot-to-shot power fluctuat
were found if the system were used with full amplificatio
due to saturation and this was the usual mode of opera
employed. The pulse energy could then be reduced to
desired range by using a variable attenuator comprisin
half-wave-plate plus polarizer combination. Energies
pulses entering the interaction region were monitored o
shotwise basis by using a linear photodiode picking up li
transmitted through one of the mirrors, and this photodio
was carefully calibrated against an energy meter so a
provide absolute values of laser pulse energy. Signals f
the photodiode were sent to one of the channels of a g
integrator for digitization and recording by the data acqu
tion system.

The detuning of the coupling laser from theu2&-u3& transi-
tion frequency is a critical parameter in these measureme
It was therefore necessary to establish this detuning fo
given measurement to a precision of better than 0.05 c21

~i.e., half the Doppler width of the transition!. To achieve
this a laser-induced fluorescence technique was adopte
Kr-Ne–filled hollow-cathode discharge lamp was used to
cite Kr atoms to theu2& andu3& states of the scheme. A sma
fraction of the coupling laser beam could be diverted to
focused into this lamp. As the coupling laser was scan
across theu2&-u3& transition an enhanced laser-induced flu
rescence signal was detected at 90° to the laser beam d
tion using a photomultiplier tube. The width of this proved
be comparable to the Doppler width of the transition and
the LIF signal could be used as a frequency reference of
required precision.

In contrast to the OPO laser described above, the UV fi
(va) need not be transform limited for EIT to occur. How
ever, that part of the UV laser bandwidth that lies outside
transparency window and in regions where phase matc
is still poor will not effectively contribute to four-wave mix
ing @7#. The laser field at 212.55 nm~i.e., the two-photon
resonance! was provided by frequency doubling the outp
of an excimer pumped dye laser. The dye laser was oper
with an intracavity e´talon that ensured a fundamental~425
nm! bandwidth of;1.5 GHz, but the laser output was ne
ertheless multimode. Second harmonic pulse durations o
proximately 12 ns were measured. The dye used was S
bene 3 dissolved in methanol, and was found to gene
second harmonic pulses of up to 250mJ from the 425-nm
fundamental. Subsequently better performance was foun
using Exalite 428 in 1,4-dioxane with UV pulse energies
excess of 500mJ being possible and longer dye lifetime pe
formance. Far lower pulse energies~typically ,100mJ! were
delivered to the interaction region owing to losses in
prisms used for the separation and beam transportation
tics.

Precise synchronization between the two laser pulse
the interaction region was essential for four-wave mixin
This was achieved with a shot-to-shot variation of interpu
timings of less than 4 ns. Optimal results were obtained
triggering the Nd:YAG laserQ switch with a Stanford Re-
search System~SRS! delay generator, which was triggere
at
s
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by picking up rf noise generated by the triggering of t
thyratron in the excimer laser. The delay between the thy
tron noise trigger and the Nd:YAG trigger was active
modified on a shot-to-shot basis by the data acquisition s
tem, which analyzed the delay between the pulses using
Ortec 567 time-to-analogue converter. The pulses were
tected by two photodiodes, and the delay between them g
erated a pulse proportional to the time difference, which w
actively minimized by the acquisition software. This minim
zation routine effectively eliminated systematic drifts, bu
residual stochastic jitter of62 ns remained. The pulsed ga
jet was also triggered by the SRS delay generator.

The laser beams were combined with parallel vertical
larizations at a dichroic mirror~high 45° reflectance 212 nm
high transmission for 758 nm!. This permitted collinear
alignment with well-overlapped beams in the interaction
gion. Both beams were focused using anF530 cm lens. Due
to the adjustment of the coupling laser beam divergence
ing a preceding telescope the focus of this beam was
placed from that of the UV laser, the latter being focused
the center of the interaction region. The UV laser beam in
interaction region was thus completely enclosed within
area of the coupling laser beam which had a diameter
several millimeters at this location. Both beam profiles we
measured at a plane equivalent to the position of the inte
tion region using a charge-coupled-device~CCD! camera
coupled to a PC with image processing software. The
beam was sufficiently intense that the fluorescence from
thin glass plate in front of the CCD generated enough ligh
generate an image. The spot focal diameter of the UV be
was measured to be 120mm and was consistent with th
beam focus being 23 diffraction limited. For the coupling
beam wavelength the CCD array was sensitive and an a
rate beam profile was obtained; this profile was appro
mately Gaussian in form and the diameter was 3 mm. Fr
this information we were able to establish the value of
coupling beam intensity in the interaction region to within
factor of 2 leading to values ofVC established to an accu
racy of better than650%.

A pulsed gas valve fitted with a 30 mm syringe needle~in
order to deliver the gas close to the UV laser beam wa!
was used to supply the Kr gas. The valve was backed
pressures in the range of 1–2 bar and the gas density
vided immediately below the needle was estimated@23# to be
in the range 1016– 1017 cm23 and to extend over path length
of from ;0.1–0.5 cm. The gas density from this valve w
not uniform: it has a spreading angle of up to 45°, which
believe leads to an approximately Lorentzian density dis
bution. Despite this, the gas valve has a number of adv
tages compared to a cell, for instance permitting reliable
termination of the laser intensities throughout the sh
interaction zone and allowing, in principle, the study of XU
as well as VUV production. The density of gas from th
needle will fall off approximately as the inverse square of t
distance from the orifice if the spreading angle remains c
stant and the expansion self-similar. The density-path len
product will thus decrease approximately as the inverse
this distance from the orifice. Knowledge of this simple sc
ing was used to vary the conditions of the experiment
order to make comparisons between high- and low-den
conditions.
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Photoions are generated by the UV laser field and w
collected by electrodes located close to the interaction
gion. We were able to study the photoionization simul
neously with the VUV radiation generated by four-wa
mixing. More importantly this facility was used to determin
the laser frequency for exact two-photon resonance for
UV laser (va). The two-photon resonance condition w
established by measuring the two-photon enhanced, th
photon ionization signal in the absence of any coupling fie
The most precise determinations of the two-photon reson
frequency were made with relatively low gas jet backi
pressure and small UV pulse energies to minimize the eff
of pressure or power broadening of the resonant photoion
tion profile. We estimate that by this procedure the la
frequency could be set to within 0.05 cm21 of exact reso-
nance~i.e., within the laser bandwidth and Doppler width!.

The interaction region lay 10 cm from the entrance fo
plane of a 1-m focal length VUV monochromator~Seya
mounting!, which was used to collect efficiently the gene
ated VUV and to separate the generated field from the la
fields. The monochromator was fitted with a 1200 line/m
diffraction grating, but because of previous laser-induc
damage to the optical surface of this grating, the reflectiv
of the diffracted first order was not uniform across this s
face. Detection of the VUV pulses was performed with
solar blind VUV sensitive photomultiplier tube~PMT!
~Thorn EMI G26E314! operated in the linear region. Tw
interference filters were placed in front of this PMT to i
crease the rejection of the scattered 212 nm radiation~for
which the detector still has significant residual sensitivit!.
This detection system was linear but no absolute calibra
of its spectral response was available, so no absolute V
power measurements were possible. Strong reabsorptio
the resonant VUV was found to be caused by residual le
of Kr gas ~background pressure 1024 mbar) outside of the
interaction region~i.e., along the 2-m path length in th
monochromator!. To eliminate this, a MgF2 window forming
a vacuum seal to isolate the interaction region from
monochromator was placed in the beam path a few centi
ters after the gas jet, and this prevented any background
density in the monochromator. An auxiliary determination
the single-photon resonance condition~u2&-u3&! was achieved
by performing a VUV experiment with the MgF2 window
removed so that strong reabsorption of the generated
was observed, in regions where the strong coupling laser
absent. This absorption dip was observed when the O
system was tuned while holding the other laser at two-pho
resonance~u1&-u2&!.

The data acquisition system was comprised of sev
gated integrators~SRS 250!. Initially these were set up usin
the signals recorded by a fast digital oscilloscope~Tektronix
620! to locate the gate pulses in the correct locations an
optimize their duration. This system permitted simultaneo
acquisition of photoionization signals, generated VUV s
nals, time delays between pulses and the coupling laser
ergy. The simultaneous record of laser pulse energies an
VUV signal enabled the study of correlation between th
parameters. It was also necessary to monitor the variatio
time delay~62 ns! between the two laser pulses that aro
from the jitter between the Nd:YAG and Excimer lasers,
well as the laser pulse energies.
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The coupling beam strength was adjusted~using the
wave-plate/polarizer combination! over a range of Rabi fre-
quencies fromVC50 to 2 cm21. For the measurements o
the VUV intensity dependence on the coupling field stren
the following procedure was adopted to acquire the data.
random adjustments of the rotation stage in which it w
mounted the wave-plates orientation could be varied so a
generate a random series of pulse energies across the
of interest. Acquiring many data points~.1000! per run in
practice meant that all the possible values of laser ene
were thus sufficiently sampled during a given experime
however these were weighted more to low values of la
power. For each laser shot the value of the pulse energy
the VUV intensity were individually digitized and recorde
as an array for subsequent analysis. The analysis was
formed by taking the adjacent point average for the VU
signal over 20 points clustered around a particular pulse
ergy value and it is this data that is plotted in Sec. IV. By th
technique an energy resolution of 2% of the full range
energy was obtained. For the lower energies in the range
effective resolution was several times better than this, e
for a 0–0.5 mJ full range this was a resolution of,10 mJ at
low energies. It should be noted that the shot-to-shot fluct
tion in the VUV signal is always substantial in these me
surements due to the sensitivity of the nonlinear mixing, e
to the UV laser energy and beam profile. Therefore there
level of noise retained in the data that could only be redu
by further averaging, which would consequently worsen
energy resolution.

To investigate the dependence of the VUV intensity
the UV laser power the following method was adopted.
contrast to the case with the coupling laser wave plates
polarizers for 212 nm were not available to us, so an al
native technique had to be found to allow smooth variat
of the laser power. To do this the doubling crystal w
moved slightly off of the optimum angle and so that the U
pulse energy was decreased. By variation of the crystal a
a range of UV laser pulse energies could be produced
these were measured using an energy meter. Unfortuna
only at the optimum angle was the UV beam quality goo
The beam quality deteriorates significantly as the angle
increased from the optimum. This led to uncertainty ab
the relative intensity within the interaction region of the e
periment.

Relative VUV yield measurements were carried out
compare the conversion efficiency of the four-wave mixi
process with both lasers on resonance (la5212.55 nm and
lC5758.94 nm) and for the case for which the coupli
laser was detuned far from resonance (lC5840 nm) but the
other laser held at two-photon resonance (la5212.55 nm).
The generated VUV was produced at wavelengths oflg
5123.6 nm andlg5121.7 nm, respectively, in these tw
cases, the latter value was chosen since previous work in
tigating the conversion efficiency of this mixing scheme h
already been carried for this scheme under comparable
ditions. To make a comparison, all experimental conditio
were kept constant aside from the detuning of the coup
laser, the coupling laser pulse energy and the monoc
mator exit slit width. The latter two parameters had to
increased significantly from the values used for the reson
lasers in order to record a measurable signal in the nonr
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4128 PRA 58C. DORMAN AND J. P. MARANGOS
nant case. It was assumed that the spectral dependence
diffraction grating reflectivity, interference filters transmi
sion ~bandwidth specified to be63 nm!, and photomultiplier
sensitivity are fairly independent of wavelength betwe
121.6 and 123.6 nm, an assumption we believe to hold
within a factor of 2.

IV. RESULTS AND DISCUSSION

A. Dependence of four-wave mixing on UV pulse energy

The dependence of the VUV pulse energy, determined
the signal output from the photomultiplier, on the UV las
pulse energy was measured. This was primarily to determ
whether there was any evidence for saturation at high
powers, e.g., due to photoionization. The results of this
shown in Fig. 4. As explained above the maximum U
power delivered to the interaction region was limited
losses in the steering optics and by the low conversion e
ciency of the frequency doubling. The range of UV pul
energies shown in Fig. 4 is therefore between 0 and 75mJ, as
the UV laser power was varied the coupling pulse ene
was kept constant at 2.5 mJ. The significant feature that
be noted from the curve in Fig. 4 is that there is no indicat
that the four-wave mixing is saturating, even for the high
UV energies employed.

The absence of saturation in the VUV signal versus U
pulse energies demonstrates that a number of potentially
rimental effects are not significant under the experimen
conditions investigated. Since the UV field can cause dir
single-photon ionization for any atoms excited into stateu2&,
there is, in principle, an extra dephasing channel for theu1&-
u2& coherence~ultimately responsible for the destructive in
terference that causes EIT! from this photoionization rate
This dephasing~depopulation! rateG ion will be significant if
it approaches the value of the leading spontaneous d
rate, i.e.,G3 ; if these become comparable, the destruct
interference leading to EIT will no longer be significant. T
lack of saturation in the curve of Fig. 4 indicates that th
situation is not reached in our experiments. This is furt
corroborated by an estimate of the ionization rate in the

FIG. 4. Intensity of generated VUV vs the UV~212.55 nm!
pulse energy~mJ! at the interaction region. The coupling laser e
ergy was 2.5 mJ. Note that even with the highest UV laser po
used~;5 kW! there is no evidence for saturation in the VUV si
nal.
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periment. For the measured focal spot diameter of 120mm
the maximum UV laser intensity for any of the experimen
can be estimated to be 43107 W cm22. Taking calculated
ionization rates for the 5p @0,1

2# state of Kr~Hoffsaes,@25#!
we obtain an upper limit for the ionization rate in our expe
ments ofG ion58.73107 s21, which is still only 1

3 the value
of G3 .

The UV field~at frequencyva in Fig. 1! in this four-wave
mixing process will interact with the dressed atom in a fa
ion adequately described by lowest-order perturbat
theory. To be explicit the process involves the interaction
two photons from the UV field, i.e., is second order in pe
turbation theory. This was confirmed by calculations th
were made using our model. For these higher-order term
the UV laser coupling strength were retained. Over the ra
of laser powers pertinent to these experiments a quad
form was found from these calculations for the VUV pow
dependence on the UV power. In contrast, for UV pow
several orders of magnitude higher than those used in th
experiments the calculations reveal considerable deviat
from quadratic behavior@19#. Earlier work on four-wave
mixing in Kr employing the same two-photon resonance,
with the second laser tuned far from single photon re
nance, found essentially a quadratic dependence@24#. We
observe in fact a steeper than quadratic dependence~closer to
the fourth power! of the generated VUV signal on the UV
pulse energy. This probably arises as an experimental a
fact due to the method of UV pulse energy variation that
have employed. This can lead to the UV intensity being
fected disproportionately relative to the pulse energy as
beam quality deteriorates. This does not, however, effect
conclusion drawn above regarding the absence of satura

B. Dependence of four-wave mixing on coupling laser energy

We will now consider the data for the dependence of
intensity of the generated VUV radiation on the pulse ene
of the coupling laser. Figure 5 shows the measured V
signal as a function of coupling laser energy for two valu
of coupling laser detuning~i! on resonance~detuning 0.0
cm21! and ~ii ! off resonance by 10.035 cm21

(' 1
2 gDoppler), in both cases the other laser remained at ex

two-photon resonance. Also shown on the horizontal axi
the coupling field Rabi frequencyVC computed from the
pulse energy and measured spot size/pulse duration d
These results show that a small VUV signal is generated
to values of laser energy of 20mJ (VC50.025 cm21) above
which the VUV signal rises sharply until an IR pulse ener
of around 200mJ (VC50.1 cm21). Above this laser pulse
energy the rise in VUV signal becomes less steep and e
tually levels off. For the exactly resonant coupling (D
50.00 cm21) the onset of the sharp rise is at noticeab
lower coupling laser powers, and is steeper, than for the
resonant (D50.035 cm21) case. The maximum VUV signa
level attained on resonance is also significantly higher~a
factor of around 1.2 times larger! than for the off-resonan
case.

In contrast to the dependence of the four-wave mixing
UV power ~see Sec. IV B! the IR power dependence da
cannot be simply explained within the framework of lowe
order perturbation theory. If the coupling laser were intera

r
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PRA 58 4129RESONANT SUM-DIFFERENCE FREQUENCY MIXING . . .
ing with the atom in this four-wave-mixing scheme in a pe
turbative limit, then the scaling of VUV signal with lase
power should be linear up to some intensity at which satu
tion effects would start to become evident. The obser
behavior is in direct contrast to this, with an initially low
value of generated VUV signal followed by a sharp rise th
a gradual roll off.

A more detailed examination of the behavior at low co
pling strengths~with a consequently higher-energy resol
tion of ;5 mJ! is shown in Fig. 6. Here it can be seen that
very low Rabi couplings and with the coupling laser on re
nance (DC50.0 cm21) there is some VUV signal generate
even at very low coupling laser energies. But then a cl
gradient change is apparent in these data around 25mJ with
a steep rise in the VUV signal.

Two sets of data are shown in Fig. 6, one~i! for frequency
mixing when the interaction region was 1 mm below the g
jet orifice and the other~ii ! for when the interaction region 3
mm below. Note a direct comparison of the intensities
these two sets of data is not possible due to the nonun
mity of the reflection efficiency of the diffraction grating
The value of the integrated density-length product along
propagation axis will fall off simply as the inverse of th
distance below the orifice. Therefore the density-length pr
uct for ~i! will be three times that for~ii !, implying the initial
opacity of the sample at 123.6 nm~i.e., before the coupling
laser was applied! will be similarly larger for~i!. These dif-
ferences in density-length product are reflected in differen
in the data for the VUV versus IR pulse energy. The la
energy at which~i! starts to rise sharply (EC520mJ) is
higher than that at which curve~ii ! shows a sharp rise (EC
510mJ). An estimate of the density in the region 1 m
below the gas jet orifice (231016 cm23) indicates that the
preparation energy required@14# for transparency is;30 mJ.
This is in reasonable agreement~given the uncertainties in

FIG. 5. Generated VUV intensity vs the pulse energy of
coupling laser~mJ!. The equivalent Rabi frequency~cm21! is given
along the upper scale. Results for two coupling laser detuning~i!
DC50.00 cm21 ~solid curve! and ~ii ! DC50.034 cm21 ~dotted
curve! are shown. These show broadly similar behavior, but
exactly resonant data show lower VUV signals at the smallest c
pling strengths compared to the detuned case. In contrast the V
signal for zero detuning reaches higher values at larger coup
laser strengths.
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the gas density! with the experimental result. Moreove
given that theNL product is inversely dependent on distan
below the orifice, the absence of a discernible sudden turn
at 3 mm below the jet is consistent with the smaller pre
ration energy constraint. Thus for this latter data set
should expect a closer agreement with the theoretical ca
lation which does not include a preparation energy conditi

For the data taken with the interaction region 3 mm bel
the gas jet orifice the increased conversion efficiency co
sponding to the sharp rise in the generated VUV signal
curs at the coupling strength predicted by the theory of n
linear mixing with EIT discussed in Sec. II. Specifically w
expect a large enhancement in the conversion efficiency
tween VC50.25gDoppler and 0.5gDoppler. In these experi-
mentsgDoppler50.1 cm21. Examination of the data in Fig. 6
~ii ! enables us to make an estimate of the increase of
conversion efficiency asVC is increased. The VUV signa
between the Rabi coupling strengths of 0.25gDoppler and
0.5gDoppler increases by a factor.20. Over the same rang
the laser energy increases by a factor of only 4. This imp
a .5 times increase in the conversion efficiency over t
range of coupling laser energies.

A calculation including phase-matching and Dopp
broadening was made of the VUV signal as a function of
coupling field strength. For this calculation a uniform g
distribution is assumed with a density of 231015 cm23 and a
path length of 3 mm. These conditions are considered typ

e
u-
V
g

FIG. 6. Density dependence of the generated VUV signal vs
coupling laser power. Graph~i! ~upper frame! shows data obtained
with the interaction region located 1 mm below the gas jet orifi
Graph~ii ! ~lower frame! was obtained with the interaction region
mm below the orifice. Using the scalings discussed in the text
can deduce that the conditions for curve~i! were approximately 10
times more dense than for graph~ii !, with anNL product value three
times larger than for graph~ii !.
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4130 PRA 58C. DORMAN AND J. P. MARANGOS
for a distance several millimeters below the gas jet needle
monochromatic UV field is assumed; we have found that
is adequate to model the initial rise in the VUV conversi
efficiency. We calculate that off-resonant components of
UV field contribute little to the generated field until high
coupling field strengths are reached, when transparenc
obtained and phase mismatch overcome. The laser pulse
ration and diameter were taken to have the same value
measured for the experiment, thus we can make a di
comparison with the laser pulse energies used in the exp
ment. The result of this calculation is shown in Fig. 7, w
data from curve~ii ! of Fig. 6 given for comparison. The
vertical axis~VUV signal! for the calculated data has bee
scaled to match the peak values of the experiment. The
culation does not attempt to predict an absolute VUV pow
due to the large uncertainty in the gas density.

The calculation can be seen to reproduce well the m
features of the experimental data. In particular, the point
which the VUV signal starts to rise steeply and then to r
off are in close agreement. At very low laser coupli
strengths~,25 mJ!, however, the theoretical values are ve
low ~effectively zero on this linear scale! while the experi-
mental data shows some VUV light is generated. We beli
this arises because the gas density distribution is not unif
as assumed in the calculation. The calculation predicts es
tially negligible VUV generation for laser coupling strengt
below the Doppler width. In contrast for the experime
there is always some finite signal generated due to the low
density regions of gas at the edges of the density distribut
The calculation also ignores the temporal dependence o
laser interactions, the laser linewidths~i.e., the possibility of
extra phase diffusion during the laser pulse duration! and the
effects of ionization. Further development of our calculatio
to include some of these effects and experiments in a sam
with a uniform gas density is the subject of ongoing work

FIG. 7. Results of theoretical modeling the generation of VU
compared to typical experimental data. For the calculation the
was assumed to be of uniform density (231015 cm23) over a path
length of 3 mm. The calculated curve~solid line! matches the ex-
perimental data~dotted line! over most of the coupling laser energ
range shown~a vertical scaling was applied to the calculated da!.
For the lowest coupling laser powers~pulse energies below 25mJ!
the measured signal generated is larger than the theoretical pr
tion. We attribute this difference to the effects of the nonunifo
gas density employed in the experiment.
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The change in the conversion efficiency as a function
the coupling laser power gives a figure of merit as to
effectiveness of the EIT in enhancing the nonlinear mixin
Larger factors than those observed should be possible
particular, an increase should be achieved if the optim
density-length product~NL! is employed in the experiments
Our estimates of the density-length product involved in
experiments at the present time would indicate that t
quantity is presently,1016 cm22. Estimates can also b
made of the optimalNL product@26# that should be used, us
of greater values ofNL will be limited either by the absorp
tion of the generated field or residual phase mismatch of
field at 212 nm. The latter constraint places theNL limit as
that which would cause an additional factor ofp phase shift
in the 212 nm field, a value that turns out to be
31017 cm22 in these experiments. A more stringent co
straint is set by the absorption due to imperfect EIT cau
by the photoionization rateG ion @27#. Assuming that the
value of G ion /G250.1 ~close to the situation in the exper
ment! with a Rabi coupling ofVC51.7 cm21 this leads to an
estimated optimal value for the density length of
31016 cm22. Since this value of Rabi coupling~and greater!
are easily achieved with our laser it would seem that ther
scope to achieve larger increases in the efficiency by incr
ing N or L.

An investigation was also carried out into how the VU
signal enhancement depended upon the detuning for l
detunings from resonance. The expectation here is that
increasing detunings the resonant four-wave mixing from
dressed atom behavior will evolve smoothly into o
resonant four-wave mixing from a bare atom. This is seen
Fig. 8. For the on resonant case, the behavior descr
above is again apparent, while for a large detuning~3.37 and
5.1 cm21! a linear dependence of VUV signal on couplin
strength was found. At moderate detunings~0.78 and 1.64
cm21! an intermediate behavior was followed.

as

ic-

FIG. 8. Dependence of the generated VUV signal against c
pling laser power for a range of values of coupling laser detun
(DC) between 0 and 5.1 cm21. The data for large detunings show
a close to linear dependence of the VUV signal on coupling la
energy.



s

cy
uc
a

nd
th
g
w
m

he

th

f
fi-
e

an
u-
-

0
a

U

e
s

y

ffi
he

vi
r

jet
as
on
e.
er

ffi-

ex-
ntly
at-

eri-
r-
th,
or-
her
ac-

so-
he

ce-

e
s at
es-
ipt.
rly
in
the
ahid
ike
for
si-

PRA 58 4131RESONANT SUM-DIFFERENCE FREQUENCY MIXING . . .
C. Relative conversion efficiency measurement: on-resonant v
off-resonant frequency mixing

The conversion efficiency of the resonant frequen
mixing scheme, enhanced as it is by EIT, ought to be m
higher than a nonresonant scheme. We have made a qu
tative comparison of the VUV yield obtained both on a
1270 cm21 off resonance. Specifically we have compared
VUV yield of the fully resonant scheme with the couplin
laser at 759 nm to that when the two-photon resonance
maintained but the ‘‘coupling’’ laser was detuned far fro
single-photon resonance to 840 nm. Earlier work@6# has
shown that by optimization of the Kr pressure in a cell t
two-photon resonance enhanced sum-difference mixing
this krypton scheme can yield conversion efficiencies for
generation of radiation at 121.7 nm~‘‘coupling’’ laser at 840
nm! in the range 1024 @6#. Under the present conditions o
mixing in a lower-density gas jet a lower conversion ef
ciency is expected for this ‘‘off-resonant’’ nonlinear schem
with conversion efficiencies 1025– 1026.

In these experiments the coupling laser is unfocused
so the yield of VUV is low in the case of off-resonant co
pling field ~at 840 nm!. To permit a comparison it was there
fore necessary to increase the coupling laser energy to 7
from the optimum value of the resonant case, which was
mJ. At the same time the monochromator exit slit widths h
to be opened from 0.25 mm~759 nm! to 2 mm ~840 nm! to
obtain a measurable signal. Under these conditions the V
signal measured at resonance~759 nm! was found to be a
factor of 3506100 larger than that measured with the las
detuned to 840 nm. This was despite using a far lower la
energy to generate the VUV radiation at resonance~0.2 mJ
as opposed to 7 mJ!. As the VUV yield scales essentiall
linearly for a detuned coupling laser~see above! we can
therefore make an estimate of the relative conversion e
ciencies between on and off resonant cases, the ratio of t
being (1.260.3)3104.

V. CONCLUSIONS

We have investigated the VUV radiation generated
resonant four-wave sum-difference frequency mixing in K
l.
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The Kr gas in these experiments was in a pulsed gas
expanding into a vacuum chamber. A detailed study w
made of the dependence of the generated field intensity
the intensities of the laser fields driving the mixing schem
The variation of the generated intensity with coupling las
field strength shows a clear signature for EIT~see Figs. 5 and
6! in good agreement with theoretical predictions~Fig. 2!. In
particular, the signal shows an increase in conversion e
ciency where the coupling Rabi frequencyVC approaches
the Doppler width of the 123.6-nm transition~0.1 cm21!.

Fivefold EIT enhancements are estimated from the
perimental data. This measured enhancement is significa
less than predicted from our elementary theoretical tre
ment. There may be additional factors at play in the exp
ment that are not included in our simplified theory. In pa
ticular, the gas density distribution, excess laser linewid
and photoionization rate due to the UV laser may be imp
tant in the experiment but are ignored in the theory. Furt
work is underway to investigate the importance of these f
tors.

The enhancement in the conversion efficiency for re
nant frequency mixing is quantified in comparison to t
nonresonant case. Enhancement factors of 104 are estab-
lished. A significant contribution to this resonant enhan
ment can therefore be attributed to the EIT effect.
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