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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® 4S ground state and thep? 5p[0,%] excited statg94 093.7
cm™1). The second fieldthe coupling fieldl at 759 nm was in single-photon resonance with the transition
between the g° 5p[0,%] state and the g° Ss[l,%] state at 80 917.6 cnt. The presence of the coupling field
leads to electromagnetically induced transpareftiil) 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 felct&) by the EIT effect when the resonant
coupling field strength exceeded about half the Doppler wifith cni'?). 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 Beit@s greater than that for a similar
scheme where the coupling laser is tuned(fig270 cm 1) off resonance. A substantial part of this resonant
enhancement can thus be attributed to the EIT eff&t050-294®8)00511-3

PACS numbgs): 42.65.Ky, 42.50.Gy, 42.50.Hz

I. INTRODUCTION cause it provides, from a single atomic mixing scheme, a
wide spectral coverage with a two-photon resonantly en-
Nonlinear optical processes are used to generate cohereminced nonlinear susceptibility. Conversion efficiencies of
radiation at frequencies beyond those where lasers normaliyp to ~10 # are routinely possible with these methods, and
operate. For example, frequency doubling in optical crystaldy introduction of buffer gases to optimize phase matching
of tunable(pulsed or cw laser light in the visible range can further increases of conversion efficiency*d 0 * ([6], for
be used to provide bright sources of tunable coherent radiaexample, corresponding to peak powerssdf00 W at 121.6
tion in the ultraviolet(UV) range of the spectrur@@00—200 nm) can be achieved.
nm). Likewise, in the infrared rangél.0—-5.0 um) optical- Despite these demonstrations the conversion efficiencies
parametric conversion in optical crystals is widely used toobtained via four-wave mixing in atomic and molecular
down-convert coherent light from the visible/near IR region.gases remain very small compared to the conversion efficien-
Frequency mixing in optical crystals can be very efficient,cies achieved in nonlinear optical crystals. The reasons for
with the energy conversion efficiency from fundamental tothis are that the per atom nonlinear susceptibility is generally
the new wavelength being0.1-0.5 or more. High conver- low in these schemes since the generated field is usually
sion efficiencies are obtained since in the operating range afetuned from any allowed atomic transition. This require-
these crystals they have a high nonlinear susceptibility whilenent for the generated field wavelength along with the much
remaining transparent, and good phase matching can Hewer atom densities in a gas compared to a solid-state me-
maintained over lengths of many tens of millimeters by usingdium, results in the small conversion efficiencies. Resonant
the birefringent properties of these crystgls. enhancement can be used to improve the conversion effi-
In the vacuum ultravioletVUV) (<190 nm no transpar- ciency through an increase in the nonlinear susceptibility. If
ent nonlinear optical crystals exist and to generate coherenhe generated field is near resonance, however, the increased
radiation via nonlinear up-conversion in this wavelengthnonlinear susceptibility will be associated with undesirable
range requires the use of atomic and molecular gases arigh absorption and high dispersion. Thus both the absorp-
vapors. Four-wave mixing of pulsed laser radiation in atomicion length(over which the generated field is absorpadd
gases has been developed over the past two defadesth  coherence lengtfover which phase matching is maintained
various techniques being employed, for example nonresonantill be very short in this case. At typical atom densities of
third-harmonic generatiofiTHG) [3], parametric stimulated 10' cm 3 these lengths will be on the order efl um,
Raman up-conversiof4], and two-photon resonance en- leading to a reduced advantage in resonant frequency mixing
hanced sum and sum-difference frequency mixm@l. The  despite the large nonlinear susceptibility. So although there
last of these methods has been particularly successful bean be an increase in conversion efficiency by working at
resonance the full potential of this will not, in general, be
exploitable.
*Electronic address: c.dorman@ic.ac.uk A way to enhance greatly the conversion efficiencies in
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() (b) from the [1)-|3) transition cancel since they enter the sum
P> 25— with opposite signs. The cancellation of absorption on the
V\Ck ‘T Y\m‘ |1)-|3) transition can equivalently be viewed in terms of Fano
—= 5 13> type interferenc¢9,10].
@, The basic EIT ladder scheme of Figalcan be incorpo-
} rated within a resonant four-wave mixing schefféey. 1(b)]
o, © [ ®, if an additional field, frequency;_a, i_s applied in two phot'on
a resonance with thil)-|2) transition(i.e., w,,=2w,). In this
(1> 1> — case the field generated in the four-wave mixing process will

be at frequencywy=w3;. Therefore this frequency mixing
scheme not only uses two-photon resonance on|the)
transition (as already much investigated,6]), but also
single-photon resonance on t}#-|3) transition. In the laser
probe field at frequencw, applied resonantly to thg)-|3) transi- dresseq m.ed'”m the Suscgptlbmtles. will b.e-of the form
tion will experience reduced absorption due to EITb) shows shown 'n_F'g' 2(these are dl_scussed |_n detail in Seg. H
how the same energy level scheme can be incorporated into a rest® coupling laser strengfl¢ is a few times larger than the
nant four-wave mixing scheme that generates a fieldatIn this ~ Doppler width in the medium then Ré’ and Imyy at
mixing scheme an additional field at,, in two-photon resonance resonance will be reduced to very small values. Thus the
with the |1)-|2) interval, is applied along with the single-photon absorption and coherence lengths will become much larger at
resonant coupling fieldoc, which induces transparency for the resonance than in the undressed case. The increase in the
radiation generated atu®,— wc= w3, . absorption length will be from values of a few micrometers
to many millimeters in a medium of number density
resonant four-wave mixing schemes was proposed by Harrig,0%~ 107 cm™3. & will, in contrast to the linear terms,
Field, and Imamoglu in 19907]. The key to this proposal be subject to constructive interference and so will still dis-
was to create a laser dressed medium for which the nonlinegilay a degree of resonant enhancement giving a high value
susceptibility remains resonantly enhanced while the lineafor the per atom susceptibility. The combined effect of the
susceptibility is reduced to very small values. This scheméncreased nonlinear susceptibility and the greatly increased
utilizes laser-induced quantum interference or electromagabsorption and coherence lengths leads to an enhanced con-
netically induced transparen¢iIT) to cause the destructive version efficiency for the four-wave mixing scheme. The
interference of the amplitudes associated with the resonarfenerated field is produced with an intensity determined, in
linear susceptibility while the amplitudes associated withthe limit of a long medium, by a factor proportional to
nonlinear susceptibility see constructive interference. |X§)/X(Dl)|2- Calculations made for plausible experimental
EIT processes can occur in a three-level atomic system igongitions predict this factor to be increased by b8tween
the ladder oA configurations, i.e., comprising a ground statethe undressed and dressed linfit3.
|1), an excited stat¢8) dipole coupled td1), and an excited These quantum interference induced enhancements in fre-
state|2) that is dipole coupled t8) but not to|1) [Fig. 1@].  quency mixing conversion efficiencies can be realized in a
We consider the situation when two laser fields, frequenciegractical scheme, providing that the phases of the coherences
wp and wc, are applied to this system close to resonancejnduced by the coupling laser can be sufficiently preserved
wherewp is a weak probe fieldstrength()p) on the[1)-|3)  quring the interaction time. For a pulsed laser experiment
transition andoc is a strong coupling fiel@strength(c) on  this amounts to the requirement that the laser field be single-
the [2)-[3) transition. Assuming that there is negligible popu- mode and transform limited. It is also required that the col-
lation in the upper statg®) and|3) throughout the process, |isional dephasing and other dampings of the si2teife-
any changes in absorption will be due to the effects of intertime (e.g., photoionizationare maintained at levels such that
ference and not population changes. In the limikf>y  they do not exceed the leading spontaneous decay rates in
>Qp (wherey is the larger radiative decay rate in the three-the system.
level system, i.e., spontaneous decay of sfgethe inter- Experimental demonstrations of EIT effects on the linear
action between the coupling field and the atom must be&usceptibility (absorption in strontium and also lead were
viewed as inherently nonperturbative. A useful basis withinprovided in 1991[11,17. These experiments confirmed the
which to view this situation is the dressed-state bgiisThe  effectiveness of laser-induced quantum interference by in-
dressed states formed when the coupling field is resonagfeasing the transmission of an initially opaque medium by
(w23— 0c=0) are coherent superpositions of the two uppeffactors of more thae'®. The EIT effect on phase matching

FIG. 1. (a) shows the standard configuration for a ladder EIT
scheme in a three-level atomic system. The ground étatis di-
pole coupled td3) but not to|2); |2) is dipole coupled td3). If a
coupling field of frequencyv is applied to thg2)-|3) transition a

states|2) and|3): (i.e., to cause good phase matchingas demonstrated in
Stanford in a lead four-wave mixing scherfes]. This was
la)=(1/v2)[|2)+]3)], (1a  shown to enhance the conversion efficiency of the generated
283-nm ultraviolet radiation by a factor of 50 compared to
|b)=(1/y2)[|2)—|3)]. (1b)  the weak field limit. Theoretical work by Harris and L{ib4]

has established a condition for the preparation energy
The amplitude for a transition at th@indressedresonant (equivalent preparation timeequired to create transparency.
frequency E;—E;)/# from the ground statdl) to the To create EIT the laser pulse energy must excdeedimes
dressed states will be the sum of the contributions to statethe product of the atom number and the ratio of probe to
|]ay and|b). Assuming|2) to be metastable, the contributions coupling oscillator strengths.
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creased density-length products, something difficult to
achieve in a hydrogen beam. More recentlg] these au-
thors have reported EIT enhanced XUV radiation produced
in the wavelength region 97.3—-92.6 nm by utilizing the
2s-np resonances in H(=4-8).

We have investigated a resonant frequency mixing
scheme in Kr that generates VUV radiation at the wave-
length of 123.6 nm. The energy levels of Kr form a three-
level system between the ground staf 45|1) at 0 cm %,

the excited state @ 5p[0,3]|2) at 94 093.7 cm? (which is
not accessible by a single photon transition frdm and the

state 4° 55[1,5]|3) at 80917.6 cm’, which is dipole
coupled to both|1) and |2). In the sum-difference mixing
scheme involving these three levels, the two-photon resonant
field must be tuned to 212.55 nm and the coupling field to
758 nm. In contrast to the sum mixing experiments in H this
is a sum-difference scheme, although this should make no
difference, in principle, to the EIT effects that occur. More
significantly, however, krypton is available as a monatomic
gas that can provide arbitrarily large density-length products.
Thus optimal values of density and length can, in principle,
be used. The experiments reported here were all performed
in a Kr gas jet provided by a pulsed gas valve.

We have studied in particular the dependence of the gen-
erated VUV intensity as a function of the two-photon reso-
nant and coupling laser field strengths. The dependence of
the latter has been studied over a range of the density-length
(NL) product and for various detuning values for the cou-
pling laser. These results show the effects of the laser dress-
ing on four-wave mixing. An appreciable enhancement in the
conversion efficiency was apparent at values of the coupling
field strength=0.03 cm'. This corresponds to the estimated
preparation energy conditiofiLl4] but is less than the 0.1
cm ! Doppler width. The enhancement due to EIT on the
frequency mixing efficiency was found to be by a factor of 5
or more. Further, a measurement was made of the relative

FIG. 2. The calculated Doppler averaged dressed susceptibilitie@nhancement in the conversion efficiency on resonance com-
Im[x&] (top), R xP] (middle), and|x&)| (lower) are shown as a Ppared to a measurement made under otherwise identical con-

function of detuningA4 (normalized to the Doppler widjtfor the

ditions but with the coupling laser tuned far off resonance

Kr four-wave-mixing scheme. The coupling laser is in single- (1270 cml) (but two-photon resonance maintaifed@he
photon resonancA.=0 in these plots. The results shown are for resonant case showed a factor of higher conversion effi-

the cases of a coupling Rabi frequency sef2at=0.25ypqppeand
Qc=2.5ypoppier- IN the plots of Infixs’] and xS a logarithmic
vertical scale in arbitrary units has been used. Fc{th@@ a linear

scale is used.

ciency than the off-resonant case. Thus we can conclude that
the EIT effect plays a significant role in the resonant en-
hancements established in this experiment.

The remainder of this paper takes the following form. In
Sec. Il we briefly review the method used to calculate the

EIT enhanced nonlinear frequency mixing was first dem-aser dressed susceptibilities and to compute their Doppler

onstrated in hydrogen by Zhang and co-worKdrS|. In this  4yeraged values and to calculate the intensity of generated
and subsequent experimerifs5,17 a microwave discharge |ignt. In Sec. Ill our experimental apparatus and method is
source was used to provide a beam of H atoms with highjescribed. Section IV then presents the results of these mea-

values of the density-length product. This parameter was a§,rements and these are then discussed in Sec. V.
high as 3<10' cm 2 in these experiments. A laser at 243

nm excited the $-2s two-photon transition while a strong,
single-mode, coupling field at 656 nm was applied at reso-
nance to the &3p transition. Both laser fields were ob-
tained from single-mode pulsed dye lasers. In this scheme We will discuss now the calculation of susceptibilities in
resonant enhanced four-wave mixing occurred in the presa three-level atom with leveld), |2), and|3) forming a lad-
ence of EIT, with a generated field at 103 nm near thel3  der system, coupled by fields as shown in Fifh) ko as to
transition. The generated field intensity was produced with aesult in four-wave mixing. The susceptibilities were found
conversion efficiency of 210" 4. Further increase in con- by solving the equations of motion of the density matrices of
version efficiency may be possible but would require in-the atom under steady-state conditions. After Doppler aver-

Il. CALCULATION OF DRESSED SUSCEPTIBILITIES
AND FOUR-WAVE MIXING



4124

C. DORMAN AND J.

P. MARANGOS PRA 58

aging the resulting susceptibilities were used in a propagasolved in the steady-state limit by a straightforward inversion
tion calculation to yield the dependence of the generatedf what reduces to an>88 matrix. This inversion was per-
VUV signal on various parameters that can be compareformed UusingMATHEMATICA .

with the experiment results. A fuller description of the
method used can be found [ih9], and here we will provide
only an outline.

The Hamiltonian of the system is of the form

H=Hqy+V, 2
whereH,, is the unperturbed atomic Hamiltonian
Ho="7 w1 1)(1[+ % w,|2)(2[+ 7 w5[3)(3] 3

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

V=hQexp —i2w,t)|2)(1] + A Qcexp —iwct)|2)(3|

+hQgexp —iwgt)[3)(1]. 4
Q, is the effective two-photon Rabi frequency arising from
the two-photon resonant field at frequeney, Q¢ is the
coupling field Rabi frequency, arfd is the Rabi frequency
of the generated fielfiwheres Q;= u;|E(w;)|].

The phenomenological dampings in E&) include the
spontaneous decay rates appropriate for these states of Kr.
The effects of collisions and photoionization on these damp-
ing rates were, however, ignored. The omission of collisional
dampings is consistent with their expected values in this sys-
tem under the density conditions likelyz(10'” cm™3), being
at least an order of magnitude leg20] than the leading
spontaneous decay rates. Photoionization of $2ateill oc-
cur under the experimental conditions due to the presence of
the field atw, but is found to be still significantly smaller
than spontaneous decay rates®f(see Sec. Y. Monochro-
matic fields are assumed in this calculation of the density
matrix. Inserting a laser linewidth into a steady-state calcu-
lation, for instance, by adding an additional phenomenologi-
cal decay due to Wiener-Levy phase diffusif@t] of the
fields, is a procedure that can greatly overestimate their ef-
fect in a pulsed laser experiment. As a transform limited
coupling laser is employed, the amount of dephasing over
the laser pulse duratiofthe interaction timgis only of the
order 7r radians and so is not significant.

The inverted matrix yields the steady-state values of the

The evolution of each density matrix element is describednatrix elements. The relevant matrix element for the genera-

by the Liouville equation

Ipnm(t .
fi p&—t():_IE H k(1) pm(t)
k

+i2k Pk OH (D + Apm, (5)

where A, in Eqg. (5) is a phenomenological decay term.
This system of equations can be solved to yield values fo

each of the matrix elements. To do this the rotating-waved t€rmsy

tion of the field atw is p3;. The macroscopic polarization at
wgy is described in terms of the density matrix by the follow-
ing expression:

)

Within the matrix elemenp,3 are contained, to all orders,
the terms relevant for calculating the dressed susceptibilities
of the system, i.ex§)(wg;wg) andxS(wq;2w,,we). Itis
anortant to recognize that these quantitiesen the “lin-

()y are inherently nonperturbative since they

P(wg) =2Nu13013.

approximation is made and the terms in the equations oficlude the interactiofc to all orders.

motion are transformed into a rotating frame such that all of

In matching the calculations to the experiments, the modi-

the frequencies are eliminated with the exception of the defications due to the Doppler effect must be incorporated into

tunings:
A= w13~ 2w,,
Ac=w3—oc, (6)

Ag=w21— wg .

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

Further it is assumed that the system is closed so that tH

population sump;+ port+ p3z=1. In the conditions of the

experimentlc>(),,{Q4 and also, in practice, it is always a
true thatp,;>p,,,p33. In the calculations considered here @

the susceptibilities. Random Doppler shifts due to the Max-
wellian velocity distribution of the Kr atoms cause a distri-
bution in the detuninggdefined by Eq(6)] for the ensemble

of atoms. The response of the medium, characterized by the
susceptibilities, at a given set of applied laser frequencies
must therefore include the Doppler broadening via perform-
ing the weighted sum over these detunings. Due to the
Gaussian form of the Maxwellian velocity distribution, the

gifect on susceptibilities from atoms in velocity classes sig-

nificantly larger than the width of the distributigne., giv-

gy rise to frequency shifts significantly larger than the Dop-
pler width) will be negligible. The results, after Doppler
veraging, for the susceptibilities Ig¥’, Rex3, and x(*

re shown in Fig. 2. The calculation was performed gy

the matrix elements are calculated in the steady-state limit=0-25 M (Qc=2.5ypoppe) and for c=0.025 cm'*

All fields, other thanQ), are assumed to be weak so their ( I _
the values ofy$" are greatly reduced relative to the weak

effects are usually only retained up to first order. BLf is

Qc=0.25ypgppied - This illustrates how for these conditions

retained to all orders in the calculation. An exception to thisfield case, whileys) remains partially resonantly enhanced.
was in the calculation of the dependence of the four-wavd-or ()= 0.25yp4n,er the absorption length in a medium of
mixing on the field strengtk),, for these higher-order terms density 16° cm3 (typical value for density in these experi-

were also retained for this parameter. A set of differentialm
equations of the form(5) [19] is obtained. These can be b

ents will be 2 um. For Q= 2.5ypgppier this has increased
y a factor of 6<10° to 12 mm. For a long mediutf¥] the
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The generated VUV light is separated from the input laser radiation using the spectrometer and detected by a solar-blind photomultiplier

tube.

generated field intensity will scale with the value of lll. DESCRIPTION OF THE EXPERIMENTAL
Ix&1m ¥P)2. We see from the data in Fig. 2 that this pa- APPARATUS AND PROCEDURES

rameter will increase by a factor of10° betweenQc Electromagnetically induced transparency depends upon

=0.25ypoppler and ¢ = 2.5y poppler- the coupling laser field preparing atomic coherence, therefore

The correct calculation of the intensity generatedogt  yhe gephasing rates of these coherences are of critical impor-
proceeds by the substitution of these dressed and Dopplgince jn any experimental realization of EIT. A necessary

averaged susceptibilities into the propagation equation de&songition is that the coupling field should be single mode

rived from Maxwell's equations: and, if pulsed, be near transform limited. To achieve this we
have employed a commercially available laser system com-
prising an optical parametric oscillator pumped by the sec-
‘9_A@J:i g I exd —iAk,z] ond harmonic of an injection seeded Nd:YAG laser. The
Jz 4c XD Mac 9 output of this laser was tunable in the range 750—850 nm and
this capability was used in some of the experiments reported
Y9 Re YDA (8) here. Most measurements were, however, made with the la-
2c b9 ser tuned close tdi.e., within the Doppler width gfexact
resonance at 758.94 nm.

The experimental apparatus is shown in a simplified sche-
where Ai’s are the electric field amplitudes, antky the  matic form in Fig. 3. The optical parametric oscillator OPO
wave-vector mismatch for the generated field defined asvas a Mirage 80@Continuum and was pumped by the sec-
Akg=kq+kc—2k,, where these wave vectors are also de-ond harmonic of a Powerlite 701@Continuum injection
rived from the dressed and Doppler averaged susceptibilitieseeded Nd:YAG laser that ran at a repetition rate of 10 Hz.
This equation can be solved analytically for a homogenou§he OPO cavity employed in this laser is kept short, with a
medium with a well-defined length and this operation wasmode spacing-3 GHz, and this facilitates the stable opera-
carried ouf(again usingnATHEMATICA ) to generate a general tion of the laser on a single moi22]. Typically less than 25
analytical expression for the intensity of the generated fieldmJ of green light was required to pump the oscillator. The
A fuller description of this procedure and the assumptionsoutput from the oscillator was amplified in a series of Ti:sap-
employed can be found irL9]. phire amplifiers, pumped by the remaining 532 nm radiation

The calculations of generated field intensities are madéom the Nd:YAG. This system reliably operated on a single
under the assumption of monochromatic applied fields. Thisnode, with single mode operation that could be maintained
is consistent with the approach of Harris, Field, and Imamoeven if the laser were tuned over a modest range-20
glu [7] for the treatment of transform limited coupling. How- cm™! via the use of active feedback to the rear mirror. The
ever, this ignores the issue of that portion of the two-photorpulse duration was:4 ns and it was believed to be close to
field spectrum that may lie outside the transparency windowhe transform limit with a bandwidth o200 MHz (0.007
and in the region where the phase matching is still poor. cm %) [22]. The beam quality was about 1.5 times diffraction

Wgq ) .
T Im xp Ag+l



4126 C. DORMAN AND J. P. MARANGOS PRA 58

limited and characteristically oval in shape. by picking up rf noise generated by the triggering of the
This laser could generate pulse energies of up to 30 mJ dhyratron in the excimer laser. The delay between the thyra-
758 nm, but typically for the experiments described in thistron noise trigger and the Nd:YAG trigger was actively
paper the pulse energies employed were in the range 0.01-+Bodified on a shot-to-shot basis by the data acquisition sys-
mJ. Nonetheless reduced shot-to-shot power fluctuationm, which analyzed the delay between the pulses using an
were found if the system were used with full amplification Ortec 567 time-to-analogue converter. The pulses were de-
due to saturation and this was the usual mode of operatiotected by two photodiodes, and the delay between them gen-
employed. The pulse energy could then be reduced to therated a pulse proportional to the time difference, which was
desired range by using a variable attenuator comprising actively minimized by the acquisition software. This minimi-
half-wave-plate plus polarizer combination. Energies ofzation routine effectively eliminated systematic drifts, but a
pulses entering the interaction region were monitored on &esidual stochastic jitter a£2 ns remained. The pulsed gas
shotwise basis by using a linear photodiode picking up lighfjet was also triggered by the SRS delay generator.
transmitted through one of the mirrors, and this photodiode The laser beams were combined with parallel vertical po-
was carefully calibrated against an energy meter so as t@rizations at a dichroic mirrothigh 45° reflectance 212 nm,
provide absolute values of laser pulse energy. Signals frorhigh transmission for 758 nm This permitted collinear
the photodiode were sent to one of the channels of a gateglignment with well-overlapped beams in the interaction re-
integrator for digitization and recording by the data acquisi-gion. Both beams were focused usingRan 30 cm lens. Due
tion system. to the adjustment of the coupling laser beam divergence us-
The detuning of the coupling laser from t{#-|3) transi-  ing a preceding telescope the focus of this beam was dis-
tion frequency is a critical parameter in these measurementplaced from that of the UV laser, the latter being focused to
It was therefore necessary to establish this detuning for the center of the interaction region. The UV laser beam in the
given measurement to a precision of better than 0.05cm interaction region was thus completely enclosed within the
(i.e., half the Doppler width of the transitionTo achieve area of the coupling laser beam which had a diameter of
this a laser-induced fluorescence technique was adopted. geveral millimeters at this location. Both beam profiles were
Kr-Ne—filled hollow-cathode discharge lamp was used to eximeasured at a plane equivalent to the position of the interac-
cite Kr atoms to thd2) and|3) states of the scheme. A small tion region using a charge-coupled-devi@@CD) camera
fraction of the coupling laser beam could be diverted to becoupled to a PC with image processing software. The UV
focused into this lamp. As the coupling laser was scannetieam was sufficiently intense that the fluorescence from the
across thd2)-|3) transition an enhanced laser-induced fluo-thin glass plate in front of the CCD generated enough light to
rescence signal was detected at 90° to the laser beam diregenerate an image. The spot focal diameter of the UV beam
tion using a photomultiplier tube. The width of this proved to was measured to be 120m and was consistent with the
be comparable to the Doppler width of the transition and sdeam focus being 2 diffraction limited. For the coupling
the LIF signal could be used as a frequency reference of theeam wavelength the CCD array was sensitive and an accu-
required precision. rate beam profile was obtained; this profile was approxi-
In contrast to the OPO laser described above, the UV fieldnately Gaussian in form and the diameter was 3 mm. From
(w,) need not be transform limited for EIT to occur. How- this information we were able to establish the value of the
ever, that part of the UV laser bandwidth that lies outside theoupling beam intensity in the interaction region to within a
transparency window and in regions where phase matchinfactor of 2 leading to values d)¢ established to an accu-
is still poor will not effectively contribute to four-wave mix- racy of better thant50%.
ing [7]. The laser field at 212.55 nrfi.e., the two-photon A pulsed gas valve fitted with a 30 mm syringe nedtie
resonancewas provided by frequency doubling the output order to deliver the gas close to the UV laser beam waist
of an excimer pumped dye laser. The dye laser was operatedas used to supply the Kr gas. The valve was backed by
with an intracavity @lon that ensured a fundamentdR5  pressures in the range of 1-2 bar and the gas density pro-
nm) bandwidth of~1.5 GHz, but the laser output was nev- vided immediately below the needle was estimd&g] to be
ertheless multimode. Second harmonic pulse durations of ain the range 18#—-10"" cm™2 and to extend over path lengths
proximately 12 ns were measured. The dye used was Stillef from ~0.1-0.5 cm. The gas density from this valve was
bene 3 dissolved in methanol, and was found to generateot uniform: it has a spreading angle of up to 45°, which we
second harmonic pulses of up to 2pd from the 425-nm believe leads to an approximately Lorentzian density distri-
fundamental. Subsequently better performance was found Hyution. Despite this, the gas valve has a number of advan-
using Exalite 428 in 1,4-dioxane with UV pulse energies intages compared to a cell, for instance permitting reliable de-
excess of 50Q.J being possible and longer dye lifetime per- termination of the laser intensities throughout the short
formance. Far lower pulse energiggpically <100 uJ) were  interaction zone and allowing, in principle, the study of XUV
delivered to the interaction region owing to losses in theas well as VUV production. The density of gas from the
prisms used for the separation and beam transportation opeedle will fall off approximately as the inverse square of the
tics. distance from the orifice if the spreading angle remains con-
Precise synchronization between the two laser pulses iatant and the expansion self-similar. The density-path length
the interaction region was essential for four-wave mixing.product will thus decrease approximately as the inverse of
This was achieved with a shot-to-shot variation of interpulsehis distance from the orifice. Knowledge of this simple scal-
timings of less than 4 ns. Optimal results were obtained byng was used to vary the conditions of the experiment in
triggering the Nd:YAG lasefR switch with a Stanford Re- order to make comparisons between high- and low-density
search SystentSRS delay generator, which was triggered conditions.
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Photoions are generated by the UV laser field and were The coupling beam strength was adjusta@ding the
collected by electrodes located close to the interaction rewave-plate/polarizer combinatipover a range of Rabi fre-
gion. We were able to study the photoionization simulta-quencies fromQ)c=0 to 2 cnil. For the measurements of
neously with the VUV radiation generated by four-wave the VUV intensity dependence on the coupling field strength
mixing. More importantly this facility was used to determine the following procedure was adopted to acquire the data. By
the laser frequency for exact two-photon resonance for theandom adjustments of the rotation stage in which it was
UV laser (w,). The two-photon resonance condition was mounted the wave-plates orientation could be varied so as to
established by measuring the two-photon enhanced, thregenerate a random series of pulse energies across the range
photon ionization signal in the absence of any coupling fieldof interest. Acquiring many data points1000 per run in
The most precise determinations of the two-photon resonargractice meant that all the possible values of laser energy
frequency were made with relatively low gas jet backingwere thus sufficiently sampled during a given experiment,
pressure and small UV pulse energies to minimize the effectsowever these were weighted more to low values of laser
of pressure or power broadening of the resonant photoionizgzower. For each laser shot the value of the pulse energy and
tion profile. We estimate that by this procedure the lasethe VUV intensity were individually digitized and recorded
frequency could be set to within 0.05 chof exact reso- as an array for subsequent analysis. The analysis was per-
nance(i.e., within the laser bandwidth and Doppler wigth  formed by taking the adjacent point average for the VUV

The interaction region lay 10 cm from the entrance focalsignal over 20 points clustered around a particular pulse en-
plane of a 1-m focal length VUV monochromat@®eya ergy value and it is this data that is plotted in Sec. IV. By this
mounting, which was used to collect efficiently the gener- technique an energy resolution of 2% of the full range of
ated VUV and to separate the generated field from the lasenergy was obtained. For the lower energies in the range the
fields. The monochromator was fitted with a 1200 line/mmeffective resolution was several times better than this, e.g.,
diffraction grating, but because of previous laser-inducedor a 0—0.5 mJ full range this was a resolution<of0 uJ at
damage to the optical surface of this grating, the reflectivitjow energies. It should be noted that the shot-to-shot fluctua-
of the diffracted first order was not uniform across this sur-tion in the VUV signal is always substantial in these mea-
face. Detection of the VUV pulses was performed with asurements due to the sensitivity of the nonlinear mixing, e.g.,
solar blind VUV sensitive photomultiplier tubéPMT)  to the UV laser energy and beam profile. Therefore there is a
(Thorn EMI G26E314 operated in the linear region. Two level of noise retained in the data that could only be reduced
interference filters were placed in front of this PMT to in- by further averaging, which would consequently worsen the
crease the rejection of the scattered 212 nm radiafion  energy resolution.
which the detector still has significant residual sensitjvity =~ To investigate the dependence of the VUV intensity on
This detection system was linear but no absolute calibratiothe UV laser power the following method was adopted. In
of its spectral response was available, so no absolute VU¥ontrast to the case with the coupling laser wave plates and
power measurements were possible. Strong reabsorption pblarizers for 212 nm were not available to us, so an alter-
the resonant VUV was found to be caused by residual levelsative technique had to be found to allow smooth variation
of Kr gas (background pressure 160 mbar) outside of the of the laser power. To do this the doubling crystal was
interaction region(i.e., along the 2-m path length in the moved slightly off of the optimum angle and so that the UV
monochromatagr To eliminate this, a MgfFwindow forming  pulse energy was decreased. By variation of the crystal angle
a vacuum seal to isolate the interaction region from thea range of UV laser pulse energies could be produced and
monochromator was placed in the beam path a few centimghese were measured using an energy meter. Unfortunately
ters after the gas jet, and this prevented any background Konly at the optimum angle was the UV beam quality good.
density in the monochromator. An auxiliary determination of The beam quality deteriorates significantly as the angle is
the single-photon resonance conditi¢)-|3)) was achieved increased from the optimum. This led to uncertainty about
by performing a VUV experiment with the MgFvindow  the relative intensity within the interaction region of the ex-
removed so that strong reabsorption of the generated fielgeriment.
was observed, in regions where the strong coupling laser was Relative VUV yield measurements were carried out to
absent. This absorption dip was observed when the OP©Compare the conversion efficiency of the four-wave mixing
system was tuned while holding the other laser at two-photoiprocess with both lasers on resonanag=212.55 nm and
resonance|1)-|2)). Ac=758.94 nm) and for the case for which the coupling

The data acquisition system was comprised of severdhser was detuned far from resonanag € 840 nm) but the
gated integrator6SRS 250. Initially these were set up using other laser held at two-photon resonanag=212.55 nm).
the signals recorded by a fast digital oscilloscgpektronix ~ The generated VUV was produced at wavelengthsh gf
620) to locate the gate pulses in the correct locations and te=123.6 nm and\y=121.7 nm, respectively, in these two
optimize their duration. This system permitted simultaneousases, the latter value was chosen since previous work inves-
acquisition of photoionization signals, generated VUV sig-tigating the conversion efficiency of this mixing scheme has
nals, time delays between pulses and the coupling laser eatready been carried for this scheme under comparable con-
ergy. The simultaneous record of laser pulse energies and tliitions. To make a comparison, all experimental conditions
VUV signal enabled the study of correlation between thesavere kept constant aside from the detuning of the coupling
parameters. It was also necessary to monitor the variation itaser, the coupling laser pulse energy and the monochro-
time delay(*=2 ng between the two laser pulses that arosemator exit slit width. The latter two parameters had to be
from the jitter between the Nd:YAG and Excimer lasers, asincreased significantly from the values used for the resonant
well as the laser pulse energies. lasers in order to record a measurable signal in the nonreso-
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= periment. For the measured focal spot diameter of 480

§ 57 . the maximum UV laser intensity for any of the experiments

g . can be estimated to bex4l0’ W cm 2. Taking calculated

& 47 - ionization rates for the 8 [0,3] state of Kr(Hoffsaes[25])

ERn . we obtain an upper limit for the ionization rate in our experi-

;%0 37 ments ofl",,=8.7X10" s~ 1, which is still only } the value

g . of I';.

@ 2 - The UV field (at frequencyw, in Fig. 1) in this four-wave

= mixing process will interact with the dressed atom in a fash-

g, . " . d . ) :

g ion adequately described by lowest-order perturbation

2 a " theory. To be explicit the process involves the interaction of

o L ' ; ' T ' J two photons from the UV field, i.e., is second order in per-
0 20 40 60 80 100 turbation theory. This was confirmed by calculations that

UV pulse energy (U]) were made using our model. For these higher-order terms in

. the UV laser coupling strength were retained. Over the range
FIG. 4. Intensity of generated VUV vs the UR12.55 nm ¢ |aser powers pertinent to these experiments a quadratic
pulse energy ) at the interaction region. The coupling laser en- ¢,y was found from these calculations for the VUV power
ergy was 2.5 mJ. Note that even with the hig.hes.t UV laser POWEHependence on the UV power. In contrast, for UV powers
2Z?d(~5 kW) there is no evidence for saturation in the VUV sig- several orders of magnitude higher than those used in these
’ experiments the calculations reveal considerable deviations
{Igl%m quadratic behaviof19]. Earlier work on four-wave
mixing in Kr employing the same two-photon resonance, but

. , i L with the second laser tuned far from single photon reso-
sion (bandwidth specified to b&3 nm), and photomultiplier ; ;
sensitivity are fairly independent of wavelength between 2Nce: found essentially a quadratic dependgae We

. : observe in fact a steeper than quadratic dependetaser to
121..6 and 123.6 nm, an assumption we believe to hold t?he fourth power of the generated VUV signal on the UV
within a factor of 2. ) X .
pulse energy. This probably arises as an experimental arte-
fact due to the method of UV pulse energy variation that we
IV. RESULTS AND DISCUSSION have employed. This can lead to the UV intensity being af-

A. Dependence of four-wave mixing on UV pulse energy fected disp_roportio_nately rela_tive to the pulse energy as the
beam quality deteriorates. This does not, however, effect our

The dependence of the VUV pulse energy, determined bygncjusion drawn above regarding the absence of saturation.
the signal output from the photomultiplier, on the UV laser

pulse energy was measured. This was primarily to determine
whether there was any evidence for saturation at high UV
powers, e.g., due to photoionization. The results of this are We will now consider the data for the dependence of the
shown in Fig. 4. As explained above the maximum UV intensity of the generated VUV radiation on the pulse energy
power delivered to the interaction region was limited byof the coupling laser. Figure 5 shows the measured VUV
losses in the steering optics and by the low conversion effisignal as a function of coupling laser energy for two values
ciency of the frequency doubling. The range of UV pulseof coupling laser detuningi) on resonancédetuning 0.0
energies shown in Fig. 4 is therefore between 0 ang¥ms c¢m ) and (i) off resonance by +0.035 cm'
the UV laser power was varied the coupling pulse energy= z ¥poppled, I both cases the other laser remained at exact
was kept constant at 2.5 mJ. The significant feature that calio-photon resonance. Also shown on the horizontal axis is
be noted from the curve in Fig. 4 is that there is no indicatiornthe coupling field Rabi frequenc{)c computed from the
that the four-wave mixing is saturating, even for the highespulse energy and measured spot size/pulse duration data.
UV energies employed. These results show that a small VUV signal is generated up
The absence of saturation in the VUV signal versus UVto values of laser energy of 20 (2-=0.025 cml) above
pulse energies demonstrates that a number of potentially dethich the VUV signal rises sharply until an IR pulse energy
rimental effects are not significant under the experimentabf around 200uJd (Qc=0.1cni ). Above this laser pulse
conditions investigated. Since the UV field can cause direcenergy the rise in VUV signal becomes less steep and even-
single-photon ionization for any atoms excited into staje  tually levels off. For the exactly resonant coupling (
there is, in principle, an extra dephasing channel for/the  =0.00 cm) the onset of the sharp rise is at noticeably
|2) coherenceultimately responsible for the destructive in- lower coupling laser powers, and is steeper, than for the off-
terference that causes Blfrom this photoionization rate. resonant 4 =0.035cm!) case. The maximum VUV signal
This dephasingdepopulation rateI';,, will be significant if  level attained on resonance is also significantly higtser
it approaches the value of the leading spontaneous decdgctor of around 1.2 times largethan for the off-resonant
rate, i.e.,I's; if these become comparable, the destructivecase.
interference leading to EIT will no longer be significant. The  In contrast to the dependence of the four-wave mixing on
lack of saturation in the curve of Fig. 4 indicates that thisUV power (see Sec. IV B the IR power dependence data
situation is not reached in our experiments. This is furtheicannot be simply explained within the framework of lowest-
corroborated by an estimate of the ionization rate in the exerder perturbation theory. If the coupling laser were interact-

nant case. It was assumed that the spectral dependence of
diffraction grating reflectivity, interference filters transmis-

B. Dependence of four-wave mixing on coupling laser energy
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FIG. 5. Generated VUV intensity vs the pulse energy of the
coupling laseXmJ). The equivalent Rabi frequen¢gm™?) is given
along the upper scale. Results for two coupling laser detur(ings
Ac=0.00cm? (solid curveé and (i) Ac=0.034cm?! (dotted
curve are shown. These show broadly similar behavior, but the
exactly resonant data show lower VUV signals at the smallest cou- ’ ' !
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FIG. 6. Density dependence of the generated VUV signal vs the
ing with the atom in this four-wave-mixing scheme in a per-coupling laser power. Grapl) (upper framg shows data obtained
turbative limit, then the scaling of VUV signal with laser with the interaction region located 1 mm below the gas jet orifice.
power should be linear up to some intensity at which saturaGraph(ii) (lower framg was obtained with the interaction region 3
tion effects would start to become evident. The observednm below the orifice. Using the scalings discussed in the text we
behavior is in direct contrast to this, with an initially low can deduce that the conditions for cuivewere approximately 10

value of generated VUV signal followed by a sharp rise therf?mes more dense than for_gra(jh, with anNL product value three
a gradual roll off. times larger than for grapfii).

A more detailed examination of the behavior at low cou-
pling strengths(with a consequently higher-energy resolu-the gas densify with the experimental result. Moreover,
tion of ~5 wJ) is shown in Fig. 6. Here it can be seen that atgiven that theNL product is inversely dependent on distance
very low Rabi couplings and with the coupling laser on reso-below the orifice, the absence of a discernible sudden turn on
nance Ac=0.0 cm ) there is some VUV signal generated at 3 mm below the jet is consistent with the smaller prepa-
even at very low coupling laser energies. But then a clearation energy constraint. Thus for this latter data set we
gradient change is apparent in these data aroundX®&ith ~ should expect a closer agreement with the theoretical calcu-
a steep rise in the VUV signal. lation which does not include a preparation energy condition.

Two sets of data are shown in Fig. 6, dinefor frequency For the data taken with the interaction region 3 mm below
mixing when the interaction region was 1 mm below the gaghe gas jet orifice the increased conversion efficiency corre-
jet orifice and the otheii) for when the interaction region 3 sponding to the sharp rise in the generated VUV signal oc-
mm below. Note a direct comparison of the intensities incurs at the coupling strength predicted by the theory of non-
these two sets of data is not possible due to the nonunifodinear mixing with EIT discussed in Sec. Il. Specifically we
mity of the reflection efficiency of the diffraction grating. expect a large enhancement in the conversion efficiency be-
The value of the integrated density-length product along théween Q= 0.25ypgpper @aNd 0.5/pgpper- N these experi-
propagation axis will fall off simply as the inverse of the mentsypgppie~0.1 cm L. Examination of the data in Fig. 6
distance below the orifice. Therefore the density-length prod¢ii) enables us to make an estimate of the increase of the
uct for (i) will be three times that fofii), implying the initial  conversion efficiency a)¢ is increased. The VUV signal
opacity of the sample at 123.6 n¢ne., before the coupling between the Rabi coupling strengths of 0vdg,per and
laser was appliedwill be similarly larger for(i). These dif-  0.5ypgpper inCreases by a factor20. Over the same range
ferences in density-length product are reflected in differencethe laser energy increases by a factor of only 4. This implies
in the data for the VUV versus IR pulse energy. The lasera >5 times increase in the conversion efficiency over this
energy at which(i) starts to rise sharplyH-=20uJ) is range of coupling laser energies.
higher than that at which curv@) shows a sharp riseE( A calculation including phase-matching and Doppler
=10uJ). An estimate of the density in the region 1 mm broadening was made of the VUV signal as a function of the
below the gas jet orifice (210' cm ) indicates that the coupling field strength. For this calculation a uniform gas
preparation energy requiréd4] for transparency is-30 uJ.  distribution is assumed with a density 0k20™ cm 3 and a
This is in reasonable agreemd(given the uncertainties in path length of 3 mm. These conditions are considered typical
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FIG. 7. Results of theoretical modeling the generation of VUV IR pulse energy (mf)

compared to typical experimental data. For the calculation the gas

was assumed to be of uniform density>(20'® cm~3) over a path FIG. 8. Dependence of the generated VUV signal against cou-
length of 3 mm. The calculated cur¢solid line) matches the ex- Pling laser power for a range of values of coupling laser detuning
perimental datddotted lin@ over most of the coupling laser energy (Ac) between 0 and 5.1 cfl. The data for large detunings shows
range showra vertical scaling was applied to the calculated Hata a close to linear dependence of the VUV signal on coupling laser
For the lowest coupling laser powejsulse energies below 2&J) energy.

the measured signal generated is larger than the theoretical predic-

tion. We attribute this difference to the effects of the nonuniform The change in the conversion efficiency as a function of
gas density employed in the experiment. the coupling laser power gives a figure of merit as to the

for a distance several millimeters below the gas jet needle. £ffectiveness of the EIT in enhancing the nonlinear mixing.
monochromatic UV field is assumed; we have found that thid-arger factors than those observed should be possible; in
is adequate to model the initial rise in the VUV conversionParticular, an increase should be achieved if the optimum
efficiency. We calculate that off-resonant components of th&lensity-length produdiNL) is employed in the experiments.
UV field contribute little to the generated field until higher Our estimates of the density-length product involved in the
coupling field strengths are reached, when transparency Bxperiments at the present time would indicate that this
obtained and phase mismatch overcome. The laser pulse daguantity is presently< 10'® cm 2. Estimates can also be
ration and diameter were taken to have the same values asade of the optimdNL product[26] that should be used, use
measured for the experiment, thus we can make a diredf greater values oL will be limited either by the absorp-
comparison with the laser pulse energies used in the experiion of the generated field or residual phase mismatch of the
ment. The result of this calculation is shown in Fig. 7, with field at 212 nm. The latter constraint places e limit as
data from curve(ii) of Fig. 6 given for comparison. The that which would cause an additional factorm@phase shift
vertical axis(VUV signal) for the calculated data has beenjn the 212 nm field, a value that turns out to be 2
scaled to match the peak values of the experiment. The cak 107 cm2 in these experiments. A more stringent con-

culation does not attempt to predict an absolute VUV powekaint is set by the absorption due to imperfect EIT caused

dur—#\o thel Ialrgtg uncertatt)inty in thte gas danity' Il th .by the photoionization ratd’;,, [27]. Assuming that the
€ calculation can be seen to reproduce wetl the mally,,,,q of I'i,n/T',=0.1 (close to the situation in the experi-

features of the experimental data. In particular, the points a . . : - 1
which the VUV signal starts to rise steeply and ther? to rollme.m) with a R"’?b' coupling of2¢=1.7 cm t.h's leads to an

off are in close agreement. At very low laser coupling est|m§1ted720pt.|mal \(alue for the . dens@y length of 6
strengths(<25 wJ), however, the theoretical values are very 10" cm™?. Since this value of Rabi couplin@nd greater
low (effectively zero on this linear scalevhile the experi- ~ r€ easily achleved Wlth. our laser !t would seem that 'Fhere is
mental data shows some VUV light is generated. We believ§COP€ to achieve larger increases in the efficiency by increas-
this arises because the gas density distribution is not uniforrfd N or L.

as assumed in the calculation. The calculation predicts essen- An investigation was also carried out into how the VUV
tially negligible VUV generation for laser coupling strengths signal enhancement depended upon the detuning for large
below the Doppler width. In contrast for the experimentdetunings from resonance. The expectation here is that for
there is always some finite signal generated due to the lowetncreasing detunings the resonant four-wave mixing from a
density regions of gas at the edges of the density distributiordressed atom behavior will evolve smoothly into off-
The calculation also ignores the temporal dependence of thesonant four-wave mixing from a bare atom. This is seen in
laser interactions, the laser linewidtti®., the possibility of Fig. 8. For the on resonant case, the behavior described
extra phase diffusion during the laser pulse duratamd the above is again apparent, while for a large deturf®@7 and
effects of ionization. Further development of our calculations5.1 cni'?) a linear dependence of VUV signal on coupling
to include some of these effects and experiments in a sampkirength was found. At moderate detunin@s/8 and 1.64
with a uniform gas density is the subject of ongoing work. cm %) an intermediate behavior was followed.
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C. Relative conversion efficiency measurement: on-resonant vs The Kr gas in these experiments was in a pulsed gas jet
off-resonant frequency mixing expanding into a vacuum chamber. A detailed study was

The conversion efficiency of the resonant frequency_made of the dependence of the generated field intensity on
mixing scheme, enhanced as it is by EIT, ought to be muchhe intensities of the laser fields driving the mixing scheme.
higher than a nonresonant scheme. We have made a quantihe variation of the generated intensity with coupling laser
tative comparison of the VUV yield obtained both on andfield strength shows a clear signature for E$€e Figs. 5 and
1270 cm ! off resonance. Specifically we have compared theb) in good agreement with theoretical predictidftég. 2). In
VUV vield of the fully resonant scheme with the coupling particular, the signal shows an increase in conversion effi-
laser at 759 nm to that when the two-photon resonance wasency where the coupling Rabi frequen€l. approaches
maintained but the “coupling” laser was detuned far from the Doppler width of the 123.6-nm transiti¢0.1 cm ).
single-photon resonance to 840 nm. Earlier wgsk has Fivefold EIT enhancements are estimated from the ex-
shown that by optimization of the Kr pressure in a cell theperimental data. This measured enhancement is significantly
two-photon resonance enhanced sum-difference mixing ifess than predicted from our elementary theoretical treat-
this krypton scheme can yield conversion efficiencies for thanent. There may be additional factors at play in the experi-
generation of radiation at 121.7 nffcoupling” laser at 840  ment that are not included in our simplified theory. In par-
nm) in the range 10* [6]. Under the present conditions of ticular, the gas density distribution, excess laser linewidth,
mixing in a lower-density gas jet a lower conversion effi- and photoionization rate due to the UV laser may be impor-
ciency is expected for this “off-resonant” nonlinear schemetant in the experiment but are ignored in the theory. Further
with conversion efficiencies 10—10©. work is underway to investigate the importance of these fac-

In these experiments the coupling laser is unfocused antdrs.
so the yield of VUV is low in the case of off-resonant cou- The enhancement in the conversion efficiency for reso-
pling field (at 840 nm. To permit a comparison it was there- nant frequency mixing is quantified in comparison to the
fore necessary to increase the coupling laser energy to 7 nmbnresonant case. Enhancement factors d¢f 4@ estab-
from the optimum value of the resonant case, which was 0.fished. A significant contribution to this resonant enhance-
mJ. At the same time the monochromator exit slit widths hadnent can therefore be attributed to the EIT effect.
to be opened from 0.25 miT59 nm) to 2 mm (840 nm) to
obtain a measurable signal. Under these conditions the VUV
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