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Measurement of high conversion efficiency to 123.6-nm radiation in a four-wave-mixing scheme
enhanced by electromagnetically induced transparency
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We report measurements of the absolute yield of 123.6-nm vacuum ultrad@st) radiation produced in
a resonant four-wave-mixing scheme in krypton enhanced by electromagnetically induced transparency. One of
the mixing fields, in the ultraviolet(UV) at 212.55 nm, was in two-photon resonance with the
4pb lSo—4p55p[0,%] transition of krypton, while a second fielthe coupling fieldl at 759 nm was resonant

with the 4p55p[0,%]-4p55s[1,%] transition. Electromagnetically induced transparency has been predicted to
be induced by this coupling field and to enhance the efficiency of the generation of the field at 123.6 nm, on
the 4p55$[1,%] to 4p® 'S, transition. This was confirmed by measurements of the absolute VUV radiation
yield using a calibrated photodiode in the limit of a large density-length product. Energie8®hJ were
produced, which gave a conversion efficiency, from the coupling field energyl6b. Higher yields are
thought to be achievable by increasing the coupling laser intensity, the path length of the medium, and by the
use of a transform-limited UV pulse of the same duration as the coupling field.

PACS numbes): 42.50—p

Schemes employed to generate coherent radiation ageptibilities governing the coupling of light into the gener-
vacuum ultraviolet (VUV) wavelengths have commonly ated field are still resonantly enhanced through constructive
made use of four-wave mixing in atomic gases conducted ofinterference. In contrast the linear susceptibiliggoverning
resonance in order to avoid reabsorption of the generateabsorption and dispersiprundergoes destructive interfer-
light. Typical conversion efficiencies in the region ence. Changes in the dispersive profile of the medium im-
10 °-10 ® have been achieved for input powers in theprove phase matching by increasing the coherence length.
range 1-5 MW 1,2]. These schemes have been widely usecExperiments have followed that demonstrate the viability of
in linear spectroscopy but the relatively low pulse energieghis method of wave mixing. In 1993 Jagt al. observed
generated have largely precluded other uses. Applicationslectromagnetically induced phase matching in a four-wave-
such as nonlinear spectroscopy, photolithography, and phenixing scheme in lead, with a measured conversion effi-
tochemistry, for which coherent radiation at longer wave-ciency of 2.4<10°8 when referenced to the power of the
lengths has been used widely, have been difficult, if not imcoupling lasef7]. Recently Merrianet al.[8] achieved near
possible, in the VUV. More powerful sources of narrow- ynity conversion efficiency in a lead four-wave-mixing
band and coherent radiation have therefore been sought. scheme using the principles of electromagnetically induced

The third-order nonlinearity of the mediumx®) con-  transparencyEIT). This scheme generated a field in the far
trols the mixing of the three applied fields, and though thisyjirayiolet (UV) at 186 nm using three near resonantly tuned
can be enhanced by resonarite example two-photon reso-  yansform-limited lasers. This type of mixing scheme relies
nance[3,4]) the ge.nerated f'eld must be far from_ resonanceupon the creation of a maximal coherence by a pair of
to avoid reabsorption. The dispersion of the medium at reSOf ansform-limited laser pulses resonant with atomic levels in

hance also varies steepl_y, causing disruption to the ph?‘seA configuration. A third field, close to resonance with a
matching. Earlier work using two resonant lasers and a thm?1 h level. mi th thi h i ¢
near-resonant laser mixing scheme in mercury vapor reo Ul €NErgy 1evel, Mixes wi IS coherence 1o generate a
ported high conversion efficiendyp to 5% into the VUV new field _W'th very high efficiency. Itis noF obwou_s h_qw to
at 130.2 n{5]. This high conversion efficiency was attrib- extend this kind of_scheme to the generation of significantly
uted by the authors to the use of collimated unfocused beanfdgher frequency fieldge.g., <130 nm due to the absence
over a 1-m path length and two-photon resonant and nedf atoms with suitable energy-level conﬁgurauons. _
single-photon resonant enhancemeny6? for all fields. _ Shorter wavelengths can be generated using relatively
In 1990 Harris, Field, and Imamoglu proposed that thehigh-energy two-photon resonances in a four-wave-mixing
phenomenon of electromagnetically induced transparenc§chemelFig. 1(b)], but at the cost of large detunings from
could be used to suppress the absorption of generated lighy single-photon resonance for these two-photon transi-
which is in resonance with an atomic transition while alsotions. This detuning can, in principle, be compensated for by
improving the dispersive properties of the medil@h The using EIT and high density-length products to enhance fre-
advantages of this type of scheme are that the nonlinear suguency mixing. In 1993 Zhang, Hakuta, and Stoich&f
reported their results from a four-wave sum-mixing scheme
using electromagnetically induced transparency in atomic
*Electronic address: c.dorman@ic.ac.uk hydrogen. The conversion efficiency to the VI102.6 nm)
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FIG. 1. Level scheme in kryptoria) shows a scheme for EIT,

giving transparency at 123.6 nm by application of 759-nm coupling

field w.. (b) shows the four-wave-mixing scheme with two-photon
pump field at 212.55-nmdfy) and 759-nm coupling field «f.)
with light generated at 123.6 nmw(,yy).

was measured to bexI10 4, limited by the rather low
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mixing schemes in hydrogel®]. In contrast the 1-cm gas
cell was operated in the pressure range 0—10 mbarNQ
<2.5x 10" cm™?). This increase ilNL allowed us to access
much higher conversion efficiencies.

In these experiments the UV field was provided by a XeCl
excimer pumped dye, which was then frequency doubled to
produce a pulse of length 16 ns, energy 180 and 1.5-GHz
bandwidth[11]. The exact two-photon resonance frequency
was determined by the measurement of photoionization in a
separate krypton gas cell. The coupling field at 759-nm was
provided by a titanium-sapphire amplified optical parametric
oscillator pumped by a single-mode, frequency-doubled
Nd:YAG (yttrium aluminum garnetlaser. This 759-nm cou-
pling field was a single-mode, near-transform-limited pulse
(<250 MHz, 4 n$ which was kept to within=1 GHz of the
resonance by reference to laser-induced fluorescence in a

density-length products available in the atomic hydrogen mekrypton hollow cathode lamp. The relative jitter in arrival

dium [9].
Here we report an observation 6f1% conversion effi-

ciency into the VUV at 123.6 nm, the highest reported effi-

time of the laser pulses was minimized using computer-
controlled active feedback to around?.5 ns, which is short
compared to the 16-ns pulse length of the UV field, and so

ciency in an EIT-enhanced four wave-mixing scheme forihe infrared(IR) pulse was timed to coincide within2.5 ns

wavelengths less than 130 nm. The scheme employed is

&t the peak of the UV intensity.

four-wave-mixing scheme in room-temperature krypton gas Tne two beams were directed into the 10-mm-long kryp-

(natural isotopic abundance and 99.995% purifyhe rel-
evant atomic energy levels can be reduced to the three lev
shown in Fig. 1. EIT can occur in this ladder configuration
comprising a ground statep4 'S, (|1)), an excited state

4p®55[1,3] (|3)) dipole coupled td1), and an excited state

4p°5p[0,5] (|2)) which is dipole coupled td3) but not to
|1). The medium, optically deep atyyy (123.6 nm, can be
rendered transparent by a fielg, (758 nmj. The basic EIT
ladder scheme of Fig.(d) can be incorporated within a reso-
nant four-wave-mixing scheme, Fig(h), by the introduc-
tion of a two-photon resonant field at 212.55 nma ),
applied in two-photon resonance with tHg-|2) transition.

e:lon cell. The UV laser field was focused at the interaction

8gion by a 330-mm focal length lens giving a confocal pa-
rameter of~100 mm. This ensured that the intensity of the
UV radiation was uniform throughout the 10-mme-long cell.
At the interaction region the coupling beam diameter was
larger to provide uniform intensity throughout the focused
region of the UV beam, with the coupling beam size chang-
ing very little over the length of the cell. These beam sizes
were measured with a charge-coupled deWiCED) array
placed at the interaction plane. The coupling beam was mea-
sured to be 2.30.1mm [full width at half maximum
(FWHM)] in diameter at the interaction region, and the UV

There is a large single-photon detuning of this field from thebeam 0.16:0.02 mm(FWHM) in diameter at the interaction

nearest intermediate state of 33 000 ¢nor resonant con-

region

ditions the absorption and coherence length of the medium The rear window of the cell consisted of a 3-mm-thick
will be highly dependent on the coupling laser intensity. Aspolished Mgk disk that transmitted the generated VUV ra-
the 758-nm pulse energy is increased they will become mangliation into a 1-m Seya mounted grating spectrométee
orders of magnitude larger when the coupling laser Rabi freFig. 2). The spectrometer was pumped by an oil diffusion
quency exceeds the Doppler width of the 123.6-nm transipump and maintained at a pressure of ifhbar. The grat-
tion. The absorption at 123.6-nm is suppressed by EIT due ting was a 1200 lines/mm aluminum-coated ruled grating,
destructive interference on the absorption pathway while thevith a 998.8-mm concave radius and a magnesium fluoride
mixing process remains resonantly enhanced due to coroating to prevent oxidation of the surfa¢supplied in

structive interferencgl0]. A significant enhancement in the
frequency up-conversion efficiency is therefore predicted.

1998. The absolute VUV radiation intensity was measured
using a calibrated photodiode at the exit slit of the mono-

Our previous krypton experiments were conducted usinghromator. The aluminum oxide photodiode was issued by

a gas jef11]. We demonstrated a large-(L0%) increase in

NIST as a transfer standard detector calibrated in 1987,

the VUV yield attainable by using a resonant coupling laseiThe detector was essentially solar blind and produced ex-
in an optically deep sample. In the experiment reported heragemely low dark current and noise characteristics. Radiation
a krypton-filled cell was used which permitted the accuratancident on the photocathode generated photoelectrons in the
determination of path length and density and an increase ifiilm and an anode biased to 60 V generated an electric field
the density-length productNL) of the krypton medium to that enhanced the collection of the electrons emitted from the
values much greater than those achievable in the gas jet. Tlsairface. The signal was measured on a fast oscilloscope
gas jet had densities 18-10cm™2 of krypton with path  (Tektronix TD620. Further measurements of the relative
lengths 0.1 to 0.5 cmNL~10®cm™?), approximately the scaling of the VUV pulse intensitgbut not the absolute en-
sameNL values as the maximum used in earlier four-wave-ergy) with coupling laser intensity were made using a solar
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FIG. 3. Experimental dependence of the generated VUV pulse

» 1200 line/mm Mg,F coated intensity (in relative unitg as a function of the coupling laser pulse
Tem Kr cell Al grating, radius 1m, energy for a krypton pressure of 1.7 mbiscreet points and
0 - 10 mbar blazed for 150nm 0.045 mbar(solid line). The data for 0.045 mbar has been multi-

plied by a factor of 2.5 10° to allow comparison with the higher
FIG. 2. Schematic of experiment showing the spectrometeryessure data. The VUV intensity was measured on a shot-to-shot
with 60-cm extension on output port. The Rowland circle of thepasis by a photomultiplier tube. Note that there is substantial shot-
grating is indicated. to-shot noise due to fluctuations in the UV laser intensity, which
. o ) accounts for the noise in the plot. The solid line shows the corre-
blind photomultiplier tubgPMT) which replaced the photo-  sponding theoretical plot for these conditions, i.e., 10-mm cell, 5
diode. The PMT was used due to its superior sensitivity andc 10'6cm 3 density. The absolute scaling of the VUV signal is
dynamic range compared to the photodiode. arbitrary and has been adjusted to be approximately the same mag-
The sensitivity of the photodiode to light at the generatechitude as the experimental data.
wavelength, 123.58 nm, was extrapolated from the quantum
efficiency curves provided ifi12] to be 0.0075(+0.00)  the cell, which peak at much lower coupling pulse intensities
electrons per photon. In order to minimize saturation due tdRabi frequencies For example, the VUV yield reaches its
space-charge effects a large VUV spot was used. The VUVWnaximum value at around 1-mJ coupling pulse energy for
was nominally focused at the exit slit of the monochromator0.045 mbar of kryptorisee Fig. 3. Given the limitations of
and so the photocathode was mounted 600 mm back frorthe coupling laser intensity available to us experimentally it
this plane. The signal in this position was seen to increase byas found that the maximum VUV intensity, though not nec-
a factor of greater than 100 compared to that with the detecessarily the VUV efficiency, was found at2 mbar. Above 2
tor at the exit focal plane of the VUV, indicating the strong mbar of pressure the intensity of the VUV generated falls off
saturation resulting from the small beam area. again as the coupling pulse intensity necessary to overcome
The low sensitivity of the detector dictated that in the the preparation energy and to create transparency leads to a
calibration experiment the VUV signal had to be maximizedreduction in the nonlinear susceptibility, governing the cou-
by using the highest available laser powérmJ per pulse  pling of energy into the VUV field. This complex interplay
The highest VUV signals were found at the highest couplingoetween the optimurL product and the coupling intensity
intensities availablésee Fig. 3. For coupling pulse energies will be the subject of further investigation.
of 4 mJ the optimum VUV generation was found aR Under the higher NL conditions (1.7 mbar
mbar. =5x10*cm™?) of the results also shown in Fig. 3 it should
The dependence of VUV, intensity on IR power for kryp- be noted that the coupling laser energy required to provide a
ton pressures of 1.7 and 0.045 mbar is plotted in Fig. 3. Th®abi frequency larger than the Doppler wid®.5 wJ) is
0.045-mbar data is multiplied by a factor of X&0® for  much less than that to satisfy the coupling laser preparation
comparison of the energy scaling to be made. This largenergy[14] (about 0.5 m}l
difference in energy scales confirms the large increase in In the calibration experiment the pulse energy was 4 mJ
VUV vyield when using higherNL products. The low giving a Rabi frequency of-10 cmi ! for the coupling laser,
density-length dat#0.045 mbar is quantitatively similar to as compared to the Doppler width of the VUV transition,
those results obtained with a gas [&il]. The data for 1.7 which was only 0.03 cm'. The pressure of krypton, 2 mbar,
mbar show good qualitative agreement with a calculatiorgave anNL value of 5< 10**cm™2. Under these conditions
using the method outlined ifL0] (shown for the 1.7-mbar the output of the photodiode was a pulse of 10 ns with a
datg which is also shown on the same figure as a smootipulse height of 2 mV measured into %0 This corresponds
solid line. This theoretical model assumes steady-state cone 2.5< 10° electrons per pulse, giving a VUV pulse energy
ditions, with the atomic data for krypton used for the decayof 0.5 nJ.
rates, monochromatic radiation, Doppler broadening, and In order to determine the actual VUV pulse energy gen-
propagation through a uniform density céthore suited to erated in the cell, several factors need to be taken into ac-
the current arrangement than for the gas.jdhe VUV  count, including the efficiency of the grating and the trans-
yields at higher coupling intensities are much greater than fomission of optics between the region of generation of the
lower density-length product regimes in the gas[fet] or VUV and detection. Taking into account the ruling effi-
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ciency, the reflectivity of aluminum, and the blaze angle, theference effects of the generated field. Our optimum density-
efficiency of the grating was calculated to be®18%. It  length product, %X 10*%cm2 is clearly much greater than
should, however, be noted that additional losses might occuhat found by Denget al, and is probably due to the
due to the deterioration of the grating surface with time andransform-limited nature of our coupling laser creating better
VUV absorbing impurities in the vacuum chamber. transparency. There is, however, a maximum limit to the
The rear window of the cell was made of magnesiumVa“Je of the density-length product of the medium when the
fluoride. This material is often used for VUV work, due to its Preparation energy exceeds that provided by the coupling

transmission of short wavelength light and nonhygroscopicaser(14l. o _
nature. However, 123.58-nm light is near the limit of its '€ Mostimportant practical limit to VUV energy will be

transparency dictating the accurate measurement of the trarﬁ-e available input UV pulse energy. The UV pulse energy at
mission of the window at 123.58 nm. The window was 1'€ INtéraction region was measured to be3Qwith a pulse
length of over 16 ns. The coupling laser pulse duration was

. ) . NS than 4 ns, therefore the effective UV energy available to
ation of the signal was measured using the photomultlpllelEhe mixing process, within the coupling pulse duration, was
operated in the linear regime. The rear window of the ceII15 J. Given that ’the generated VUV radiation Was'esti-
was replaced for this run by a similar MgWindow. The 4164 1o have an energy of 33 nJ, this corresponds to an
window used in the calibration experiment was found toefficiency from the UV, of 0.2%. An UV pulse of similar
transmit 15% of the |r_1C|dent VUV fa!d'a“on- ) length to the coupling pulse would produce much larger

Wh_en the attenuation of the grating and the window arg,, energies. Another shortcoming of our UV laser is its
taken into account the energy of the VUV generated at thgyqyigth, 1.5 GHz, which was not optimally matched to
interaction region is calculated to be 830 nJ. This value yhe coupling field. This should also be taken into account
of the VUV pulse energy is probably an underestimate. Abypen analyzing the relative efficiency of the scheme com-
sorption by residual oil molecules in the vacuum chamber ared to the UV pulse energy, as matched UV and IR pulses

and on the grating has not been taken jnto account. Somgg required for optimum conversion efficiency. Although
saturation of the signal at the photodiode is also a pOSSIbI|Ity0n|y 60-.J UV pulses were available to us, far higher energy

Larger displacements of the photodiode from the focal plang.,sform-limited UV pulse energies are, in principle,

than 600 mm were impractical leaving the VUV spot still ycpieyaple. For example, Bergesetral. [15] produced 3-mJ
significantly smaller than the %66 mn? spot size used for yansform-limited pulses at 210 nm with a pulse length and

the calibration of the device. Therefore some signal saturgsngwidth well matched to the requirements of the present
tion, further reducing the measured VUV energy, cannot b%xperiment.

ruled out. _ o _ In conclusion we have measured substantial VUV ener-
The energy of the infrared pulse which interacts in thegiag associated with high conversion efficiencies of about
four-wave-mixing scheme is that portion of the infrared light 1%, in an ElT-enhanced VUV frequency up-conversion

that overlapped the smallg0.1 mm diameterregion in  gcheme. Future investigation will examine the VUV yield

which the UV pulse was focused in the cell. This was detery,han two temporally matched transform-limited pulses are

mined to be 5uJ, coorresponding to a conversion efficiency seq with a longer path-length cell. Conversion efficiencies
into the VUV of ~19% from the coupling laser. significantly larger than 1% should be possible, with VUV

The energy of the VUV field generated will ultimately be ise eneraies perhaps greater thanu0if higher power
limited by one of two factors. The first is that the 212'55'nmfransform-lsnitec? uv ;:F))ulsges are usedl.um g P

photoionization channel can destroy coherence induced by

the coupling field 10]. Another limiting factor is the driving We would like to acknowledge the technical help of Peter
of the |1)-|2) coherence due to the generated field as disRuthven and Shahid Hanif and assistance with the experi-
cussed by Dengt al. [13]. They found that the optimum ments from Marcel Anscombe. We are very grateful to Steve
density-length product for a four-wave-mixing scheme in ru-Harris and G.Y. Yin for the loan of the calibrated photodi-
bidium was 6< 10" cm 2, limited by the destructive inter- ode. This work was funded by the U.K. EPSRC.
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