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We investigate and characterize the newly grown cryst# JO; which is transparent down to 160

nm for nonlinear optical conversion into the vacuum ultraviolet using sum frequency mixing with
femtosecond pulses. This material exhibits excellent properties below 180 nhm and makes possible
the generation of wavelengths down to 170 nm with an all solid state laser system. The most
important advantage of 8,0 in this spectral range turns out to be the possibility of utilizing
noncritical phase matching with maximized effective nonlinearity. We demonstrate generation of
nearly transform limited 100 fs pulses between 170 and 185 nm with conversion efficiency of 4%.
Their peak powers range from 200 kW at 170 nm>@ MW at 185 nm. ©1998 American
Institute of Physicg.S0021-8978)07523-9

I. INTRODUCTION plications below 190 nm. CLBO is transparent, however,
only down to 180 nm and LBO and CBO both have vanish-

There is currently much interest in borate crystals foring effective nonlinearity in the limit of 90° noncritical phase
development of all solid state laser systems in the vacuuratching.

ultraviolet (VUV) based on phase-matched second order |4 this work we characterize a newly developed nonlin-

nonlinear conversion processes. The most promising suchy, crystal of the borate family, lithium tetraborateB4O,
scheme for generation of tunable VUV laser radiation relies(LB4) for VUV applications. Large samples of this crystal
on Ti:sapphire laser technology. Although Ti:sapphire lasers,gye peen successfully grown most recently by the Czochral-
are tunable near 800 nm and several cascaded processes &pmethod with good homogeneity of the refractive index
necessary to move to the 200-nm-spectral region, high powyn few dislocationé.LB4 is negative uniaxial and belongs
ers in the VUV and high conversion efficiencies can beyg the 4 mm point group which means that its effective non-
achieved using short pulse Ti:sapphire laser sources. FeMtPnearity is maximized under the conditions of 90° phase
second pulses are particularly suited for this purpose sinCgatching. The clear transmittance spans from 170 to 3300
besides the higher peak powers, their interaction is limited t¢,, \We demonstrate SFG of tunable VUV femtosecond
relatively short temporal walkoff lengths and consequentlypu|Ses with LB4 from 185 nm down to 170 nf#.3 eV), the
thin crystals with better transparency properties near thgywer limit being set by the available FH tunability. To the
VUV cutoff edge can be used. _ best of our knowledge these are the shortest wavelengths
Fourth harmonidFH) of Ti:sapphire femtosecond laser achieved with phase-matched frequency conversion in non-
systems can be generated down to 189 nm, which is thghear optical crystals. A comparison with a LBO reference

cutoff edge ofp-barium borate Bafd, (BBO), the crystal  sample reveals that LB4 has a superior performance in the
with the largest birefringence among all VUV-transparentyyy spectral region below 180 nm.

nonlinear crystals. Efficient conversion to the FH has been

previously demonstrated both with Ti:sapphire regenerative
amplifiers and Ti:sapphire mode-locked oscillatdrgzor !l CRYSTAL PROPERTIES AND PHASE MATCHING

achieving even shorter wavelengths one has to apply sum |, Tapje | we have summarized the important properties
frequency generatio(SFG using the FH and near-infrared ¢ 5 known borate crystals that can be used below 190 nm.

. . 3 .
(NIR) radiation Although well known crystals like KkPO;  The recent reports on $e,B,0, (SBBO) and KBeBO4F,
(KDP) and NHH,PO, (ADP) are transparent below 190 nm, («ggF) (Ref. 5 are not included, because the application of

SFG below 190 nm is impossible with them since their NIRiheqe materials below 190 nm seems at present impossible as
transmission is limited te=1.55um. The recently developed 5 consequence of difficulties in the growing and cutting pro-

borate crystals lithium triborate L#®s (LBO), cesium t_rbo- cess. Instead of some average value for the birefringence we
rate CsBOs (CBO), and cesium lithium borate CsLiBio  haye included in Table I, the minimum achievable second

(CLBO) seem all to have attractive properties for VUV ap- parmonic(SH) and FH wavelengths which are good criteria

to compare the phase-matching properties of the different
3E|ectronic mail: petrov@mbi-berlin.de crystals. The point of minimum Skbr FH) wavelength is

0021-8979/98/84(11)/5887/6/$15.00 5887 © 1998 American Institute of Physics
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TABLE I. Nonlinear optical crystals applicable for SFG below 190 rfhand ¢ denote the polar and azimuthal
angles, respectively. The minimum FH wavelength is estimated for SFG between the fundamental and the third
harmonic. The transparency is given for the zero level transmission.

Effective nonlinearity Nonlinear Minimum SH and
NLO crystal type Transparency best Sellmeier expansion coefficient FH wavelengths,

point group, axes (um) (Ref) (pm/V) both achieved at
LBO (LiB30s) 0.155-3.2  dgee=d3, COSE d3,=0.85 277 nm 242.5 nm
negative-biaxial 0=90°, ¢=90°
(mm2) x,y,z:a,c,b (Ref. 6 de=0

CBO (CsBOs) 0.167-3.0 dge—=dy4Sin 20 d;,=1.08 2728 nm 236.3 nm
positive-biaxial 6=90°, ¢=90°

(222 x,y,z:c,a,b (Ref. D de=0

CLBO (CsLiB;O,9) 0.18-2.75 dype=d3g Sin Osin 2p d3=0.86 236 nm 209.5 nm
negative-uniaxial 6=90°, p=45°

(42m) (Ref. 8 Qef=0Omax

KB5 (KB50g.4H,0) 0.162-1.5 dgype=d3; Sing d3;=0.04 217 nm 194.8 nm
positive-biaxial deeo= U3y SiN%6+ds, c0s26  dz,=0.003 6=90°, p=90°
(mm2 x,y,z:c,b,a (Ref. 9 o= dmax

LB4 (Li,B40;) 0.16-3.6  dgpe=d3; SinG ds;;=0.12  243.8nm 218.3 nm
negative-uniaxial 6=90°

(4mm) (Ref. 10 de=0max

achieved a#=90° for uniaxial crystals and along tlyeaxis ~ very promising for the generation of the fourth and fifth har-
(6=90°, o=90°) for the biaxial crystals. These orientations monics of Nd:YAG laser§.As observed in Ref. 4 the hygro-
coincide of course with the propagation directions for mini-SCopicity of LB4 is less than for the other borate crystals.
mum SFG wavelengths. The effective nonlinearity is gi\,enFrom F|g._ 1 it can be seen that the short wave cutoff for thin
in Table | only for the best choice configuration, i.e., for the S2mples is below 160 nm. For the evaluation of the phase-
interaction scheme providing the shortest ®HSFG wave- !”natchmg properties qf LB4 in the VUV we used the follow-
length. Note that in the case of KB5 the SH minimum pointing Sellmeier expansiotf

can be reached with the same polarization configuration both 0.012 337

in the x—y and they-z planes, but for tunable operation, n=2.564 3 XZ2-0013103 0.019 0752,
propagation in they—z plane Ege—o0) seems preferable '

since it requires smaller changes in the critical angl&he ’ 0.010 664 )
main problem with LBO and CBO as can be seen from Table Ne=2.386 51t 22-0.012878 0.012 8137,

| is the vanishing effective nonlinearity when propagating o o
along they axis. At longer VUV wavelengthgdeviating where the wavelength is in um. The birefringence of LB4

from the 90° limiy CBO could provide higher efficiency than is higher than that of LBQ but smalle_r than the birefringenc_:e
LBO but it is unclear if this material can have some advan.f the well known material KBS. This can also be seen in
tages over LBO in the 90° limit. The birefringence of CBO is F19- 2 which shows that SFG in LB4 requires NIR wave-
larger than that of LBO, but the predictions of the existing!€ngths longer than in KBS and shorter than in LBO in order

Sellmeier expansiofisee Fig. 3 in Ref. V'seem to deviate to fulfill the phase-matching condition for a giv_en VUV
substantially from the experimental results in the 90° limit. It Wavelengthhs. KBS is, however, a soft hygroscopic crystal
is obvious that CLBO has greater potential than LBO for

effective frequency conversion below 190 nm but unfortu-

nately its cutoff edge is at 180 nm. In this crystal, in contrast 1.0
to all other borates included in Table I, the lower VUV limit

when using the SFG scheme mentioned in Sec. | is set by the 038
transparency cutoff edge and not by the birefringeiptese
matching. That is why 90° phase matching is never reached
with type-l interaction below 190 nm and it is possible in
principle to use CLBO also with type-lleo—e€) interaction

in order to improve the conversion efficiency.

The new nonlinear material LB4 on the other hand has 02 -
smaller nonlinear coefficient but its effective nonlinearity is
maximum atd=90°. LB4 was originally proposed as a sub-
strate for surface acoustic wave devi¢kdts nonlinear op-
tical coefficients were estimated in Ref. (see Table)l and
the SH generation of a Nd:YAG las€t064 nm was studied i, 1. vuv and midinfrared cutoff edges of a 1gan-thick sample of
in more detail in Ref. 13. Most recently LB4 proved to be LB4 (=80° cuy recorded with unpolarized light.

@
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FIG. 2. Noncritical(90°) type-I phase matching for SFG in LBO, LB4, and FIG. 4. Inverse group velocity mismatdeVM) for VUV-SFG in LB4.
KB5. We use the convention;>\,>X5 and 1A;=1/\;+1/\,. The case  1l/v,— 1/, (solid lineg and 13— 1/v, (dashed lings The four FH wave-
N1=N\, corresponds to SH generation and can be found in Table I. Theséengths {,) are indicated and correspond to the tuning ranges in Fig. 3.
curves are limited on both sides by the VUV cutoff edges.

latter in turn is not restricted by the tunability range of the

ith i . . v th . | h h Ti:sapphire laser systems, but by the absorption edge of
with nonlinearity approximately three times lower than thatgp (at 189 nm used to generate the FH.

of LB4 which makes it rather unsuitable for practical appli- The calculated inverse group velocity mismatch in LB4
cgtions. We note only 'here that KBS is the only crystal be-, e \/yy spectral range is shown in Fig. 4. The large
gldes BE.’O that.'s partially phr?\se matchable for FH generaggterence in the propagation velocities of the FH and NIR
tion of Tl:sapphwe laser radiatiofsee Table)_l. ... _pulses poses an upper limit for the achievable VUV pulse
Synchronized femtosecond pulses at kilohertz repeUtmnﬁuraﬂon (and also for the conversion efficiericwhich de-

rates in the NIR for mixing with the FH can be generated by .4« on the specific values of the FH and NIR pulse dura-
traveling-wave opt.ical par.ametric generators p“_”.‘ped bY h8ons. This parameter is used for estimation of the optimum
fundgmental. of Tl:sqpphwe regenerative amplifférac- crystal thicknesd. since the latter should not substantially
F:ordlng to Fig. 2 the idler QUtDUt can b? usgd)xqs‘or SFG ,_exceed the interaction length between the FH and NIR
in LBO and LB4, and the 5'9“‘?" outputis suﬁable for SFG in ulses. Numerical simulations in the undepleted plane wave
KB5. Note that the use of optical parametric generators pe approximation assuming Gaussian-shaped FH and idler
mits independent tunability of the FH\§) and the signal or pulses of the same duratioh reveal that the VUV pulse

idler waves §,) so that noncritica(90%) phase matching is duration varies between 0.7 and 1.7 T when the crystal thick-
always realizable. The pritic_:aﬂangle tuning near 90° is ness changes from 0 to 2 T/(3~ 1/v,). At larger crystal
shown for LBO anq LB4 in Fig. 3. The chosgn values)_tqr . lengths this dependence saturates. Thinner crystals have the
correspond to typical FH wavelengths achievable W't.h .T'.'additional advantage of providing enhanced transmission
:sapphire laser systems. It can be seen that the VUV limit i
both crystals is determined not by VU¥r NIR) absorption

but rather by the availability of the FH wavelengths. The

'hear the VUV cutoff edge. At a chosen or fixed crystal thick-
nessL the actual pulse duratiofnot the upper limit at the
sum frequency is influenced also by the group delay of the
emerging VUV wave relative to the FH and NIR pulses

(Fig. 4.
S LRI B I B
Bt ] lll. EXPERIMENTAL SETUP
g 80 B 7] The experimental setup is shown in Fig. 5. It is similar to
5 70 \ . the one used previously by dshe main difference consists
g - . in the NIR optical parametric generator which now possesses
g 60 - N wavelength tunability that is much broader and independent
3 50 B B of the pump wavelength. The commercial Ti:sapphire laser
E L . oscillator/regenerative amplifiéT RA-1000, CLARK) deliv-
40 2,=190nm 195nm 200nm 205nm — ers 600wJ, 100 fs pump pulses at 1 kHz repetition rate. It is
oW T WY N O VIO T S equipped with a continuum seeded optical parametric gen-
172 176 180 184 188 192 196 erator(IR-OPA, CLARK). The latter is based on type-Il in-
SFG wavelength A5 [nm] teraction in BBO and consequently the generated idler wave

can be easily separated by use of a polarigg. 5). Typical
FIG. 3. Critical tuning for VUV-SFG in LBOdashed lingsand LB4(solid pulse durations at the idler wavelength measured by autocor-

lineg) for four values of the FH wavelength\§) indicated. The tuning is : ; ; ;
achieved by the azimuthal angfein thex-y plane in LBO and by the polar relation using SH generation are about 140 fs and the idler

angledin LB4. These curves are limited on the right-hand side by the NIR PUIS€ energy amounts typically to 3d. The idler tunability
cutoff edges. range(1.6—2.5um) depends only weakly on the pump wave-
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TABLE Il. Calculated @ ) and observed {,,) phase-matching angles

Ti:Sapphire laser oscillator and amplifier with LB4 in the VUV.
600u], 100fs, 1kHz, 756-840nm

N2 (nm) A3 (M) Ocalc (deg BOons (dEQ9
NIR-OPG
Gdler) 22 205 183.8 65.6 66.1
1.6-2.5um 200.5 180 69 69.5
189.510nm 198.3 1775 743 75.8
Rr - 195.7 175.26 783 80.4
r " 1 Lo 192.9 173 83.5 89.8
N S \ I@O VU 190.4 1715 82.4 ~90
- ~
Seay PR P DM N,| oma 189.5 171 82.5 ~90
B4 189.14 170.75 81.7 ~90

FIG. 5. Experimental setup. FHG: FH generation, NIR-OPG: NIR optical

parametric generator, PR: waveplate, P: polarizers, DM: 193 nm, 45° exci-

mer laser mirror, L1, L2: Mgklenses of 10 cm focal length, VUV-OMA:

VUV-optical multichannel analyzer. is applicable also in the VUV spectral range with sufficient

precision. We compared the theoretical and experimental

values for the angular acceptancelat=180 nm. The ex-
length but is in any case sufficient for all interactions dis-perimentally measured full width at half maximu@AWHM)
played in Fig. 3. The FH generation is based on a schemealue(internal acceptance anglef 2.7° is also in very good
described in detail in Ref. 1. It uses sequential frequencygreement with the calculated value of 2° again bearing in
conversion in BBO crystals with group delay precompensamind that we are dealing with relatively broad spectral
tions before the third and fourth harmonic stages. The FHvidths.
pulse duration is of the same order as the idler pulse dura- Figure 6 shows the achieved tunability in the VUV when
tion. After adjustment of parallel polarizations the FH andvarying both the FH and idler wavelengths in the neighbor-
the idler waves are recombined by a dichroic mir(bi, hood of 90° phase matching. We note that the predictions of
Fig. 5) for collinear SFG. The crystal used for VUV-SFG is the Sellmeier expansiofi) for the shortest achievable VUV
mounted in an isolated chamber with nitrogen purging. Thevavelength(about 170 nmat the minimum FH wavelength
first focusing lend.; also serves as an entrance window andof 189 nm are fulfilled by spectral components in Fig. 6. The
the second leng, focuses the VUV beam onto the mono- spectral widths measurd6fWHM) were of the order of 0.5
chromator slit. The nonlinear crystal is positioned before thenam. Assuming a Fourier product of O(he same as the one
focal point ofL; and both interacting beams have a Gaussiaimeasured for the FH pulsese arrive at an estimation of
diameter of~=170 um in the position of the crystal. The about 100 fs for the duratioFWHM) of the VUV pulses.
0.2-m-VUV monochromatofMcPherson, Model 234/302s  This figure is in good correspondence with simulations of the
equipped with a 1200 lines/mm grating. It is evacuated an®FG process with 140 fs FWHM durations assumed at the
with MgF, window in front of the entrance slit. The CCD FH and idler waves. As previously observed in other spectral
VUV-optical multichannel analyzefSpectroscopy Instru- regions we can also conclude in the VUV that choosing the
ments, Model ST-130/TE-CCD-5Y6provides 0.06 nm/ crystal length comparable to the interaction lengtbe Fig.
channel spectral resolution. The computer controlled delay) results in pulse shortening and consequently lower effi-
line permits time delay adjustment and records of the crossiency than would be achievable with a longer crystal at the
correlation function between the FH and the idler waves. expense of reproducing the input pulse durations.

The LB4 sample thicknes§107 um) chosen for the Another evidence for the pulse shortening taking place
present experiment is comparable with the interaction lengtlin the LB4 crystal is the recorded cross correlation functions
and accordingly no pulse broadening of the generated VU\in Fig. 7 where we have plotted the VUV pulse energy as a
pulses should be expected. At this crystal thickness clear
transmission in the whole tunability range from Fig. 3 is
available (see Fig. 1. The LB4 sample has a X010 mm L L L

clear aperture and is cut &=80°. A reference sample of K ]

LBO with 200 um thickness is cut a#=90°, ¢=280° for 08 |- .

propagation in thex—y plane. —_ - R

5 06 | —

= | .

IV. RESULTS AND DISCUSSION § 04 | -

) - -

As can be seen from Table Il we obtained rather good = 02 b -

agreement between the calculated udibgphase-matching -J L \ LJ .
angles for SFG in LB4 and the experimentally measured 0.0

T I T N [ S I A
170 172 174 176 178 180 182 184
SFG wavelength 2, [nm]

values. The discrepancies are larger only #or80° where
the accuracy of the experimental estimation when approach-
ing the noncritical case and in particular when using broad-

band radiatiortas is the case with femtosecond pujsesrs-  fig. 6. VUV spectra obtained by SFG in LB4 demonstrating the achieved
ens. Thus we can conclude that the Sellmeier expar(d@jon tunability.
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LA L L B B B clearly observed spectral shifting with LBO towards longer
wavelengths in the 90° limi{deviation of the measured

. VUV wavelength from the one calculated from the central
. FH and idler wavelengthsThis effect is attributed to selec-

- tive conversion of only parts of the idler and FH spectra. The
latter is possible since both interacting fields are broadband.
The reason for the spectral shifting is the vanishing effective
- nonlinearity of LBO in the 90° phase-matching limit. The
. maximized effective nonlinearity of LB4 in this limit and the

- larger birefringence of LB4 are the factors contributing to the
superior performance of this new nonlinear material below
180 nm. Utilization of 90° phase matching on the other hand
provides the characteristic advantages of noncritical interac-
FIG. 7. Relative energy of the generated VUV pulse obtained with the LB4tion like large angular acceptance and the lack of spatial
crystal in dependence on the delay between the FH and idler pulses at Walkoff.

=180nm for A,=201 nm (solid ling) and at A3=170.75nm for\, The absolute measurement of the VUV pulse energy and
=189 nm(dashed ling the estimation of the conversion efficiency is quite a difficult
task in this wavelength range. To improve the reliability of

function of the delay between the FH and idler pulses. The?UCh measurements we performed them at relatively long
lack of any plateau in these curves indicates that the interac¥@velengths and transformed the results to shorter VUV
tion length is not substantially shorter than the actual crystaf‘avelengths since the geometry was held constant during
length. Thus the measured curves can serve as reliable cro&4S €xperiment. Direct mounting of an energy meter at the

correlation measurements of the idler pulse duration know€Xit Of the evacuated monochromator was not possible so we
ing the FH pulse duration and vice versa. The measureffMoved the nitrogen purged chamber and performed an ab-
FWHM of the solid curve in Fig. 7 amounts to 220 fs and is SClute measurement of the VUV energylat=184 nm. At
in very good agreement with what one would expect with théNis VUV wavelength the beam could be easily separated
typical widths of 140 fs for the FH and idler pulses assumingT®m the FH by a suprasil prism and the influence of the air
Gaussian temporal shapes. This was confirmed by numericaPSOrption could be estimated by variation of the separation
simulations of the SFG taking into account the group delay© the detector. For the energy measurement we used a Si-
in the LB4 crystal. The dashed curve in Fig. 7 was recordedphOtOd'Ode with removed window WhIC!’] was calibrated us-
at the lower limits for the FH and VUV wavelengths. Its "9 the FH at 189 nm and a pyroelectric energy meter. As-
FWHM of 280 fs is broader which is attributed in part to the SU™N9 (_aqual response at_189 and 184 nm we measured first
increased GVM between the FH and NIR pulses in the | g4ihe efficiency with LBO since at 184 nm it worked better
crystal(see Fig. 4and in part to lengthening of the FH pulse than LB4. The conversion efﬂmency with LB4 was estlmqted
in the limit of the BBO transmission. Both effects are ex- then by comparing the outputs with LBO and LB4 using
pected to have only weak<20% influence on the VUV 29&in the purged chamber and the VUV-OMA and choosing
pulse duration. a VUV wavelength(180 nm) were both crystals gave similar
We compared the results obtained with the LB4 Crystaputputs. Finally the estimation was recalculated for the 90°
with those obtained by substituting it by the LBO reference®@S€ &3~171nm) in LB4 taking into account the angle
crystal. Correcting for the different crystal lengths we con-Change as in the previous step. The result for the efficiency
clude that LBO provides higher efficiency only downxg 7= Ea/E2 where Eg, denotes the VUV and FH energies
=180 nm. At shorter VUV wavelengths LB4 showed supe-Was 4% at an incident idler enerd; =20 uJ. Taking into
rior results. The predictions of Fig. 3 concerning the mini-2ccount the available FH pulse energies with this sy%tgen
mum VUV wavelengths achievable with LBO could not be €Stimate in such a way peak powers in the VUV as high as
confirmed. Although the calculated minimum VUV wave- 1-6; 0.8, and 0.2 MW at 180, 175, and 171 nm, respectively.
length ath,= 189 nm isks=171 nm we could achieve VUV The above result can be compared to theoretical estima-
wavelengths only down to 172.7 nm reproducing our previ-t'ons fqr th_e SFG e_ff|C|ency in the undepleted plane wave
ous resul? This discrepancy is caused by several factors@PProximation. In this case we have
First of all we found out that the Sellmeier expansion for
LBO® predicts lower phase-matching anglgshat the mea- Es 8m2d2L 2
sured ones. Thus, e.g., we measured 2.3° deviationzat =
=180 nm and A,=200.7 nm and 5° deviation abj
=176.4 nm and\,=195.3 nm. These differences are obvi-
ously larger than those observed with LB4 in Table Il. Wewherel; represents an average intensity for the idler wave
note that 2°—6° larger experimental phase-matching anglesndn, , 3 denote the corresponding refractive indices. Focus-
were previously observed in the 195-188 nm spectral regioing effects are neglected in E(R) since the LB4 crystal is
with LBO in Ref. 15 and similar results were tabulated alsomuch thinner than the confocal parameters. Nevertheless, the
in Ref. 16. This means that the best Sellmeier coefficients foGGaussian spatial and temporal distributions can be taken into
LBO® could still be improved in the VUV. In addition we account in Eq(2) by defining

1.0

VUV energy [a.u.]
o o o
> o o
| I I

o
¥
I

0.0

-600 -400 -200 0 200 400 600
delay [fs]

R 2
n Ez Eocnlnzng)\g ! ( )
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E; 1%) can be expected. An additional unique feature of the
=2 (3 present method of SFG for VUV short pulse generation is
0

that it can be extended to quasi-cw mode-locked Ti:sapphire
where 2w, is the Gaussian diameter of the idler beam @nd laser oscillators operating at 100 MHz. In this case efficient
is the idler pulse duratiotFWHM intensity. Equation(3)  FH generation has already been demonstfated the trav-
contains, in fact, a reduction factor of 4 as compared to theling wave optical parametric generator used in the present
peak on-axis intensity. Foue(6=90°)=d3; we corrected work can be substituted by synchronously pumped optical
the value of 0.12 pm/V from Ref. 12 which was estimatedparametric oscillators which are also commercially available.
for 1.064 um SH generation to our case using the Miller's Further ultrafast applications of LB4 include down conver-
rule and obtainedl~0.21 pm/V. Using this value for the sjon of VUV radiation with thin samples for simple cross-
effective nonlinearity and taking into account the Fresnekorrelation measurements of femtosecond pulses in this spec-
losses we obtained a theoretical estimation for the convetral range.

sion efficiency about five times higher than the experimental  The lower limit of 170 nm achieved in the present work
result. One possible reason for this discrepancy could bg set on one hand by the birefringence of LB4 and on the
two-photon absorption in the LB4 crystal. However, the lackother hand by the lower wavelength limit of the FH. We
of asymmetry in our time delay measurements in Fig. 7 inbelieve that even shorter wavelengths down to the cutoff
dicates that this possibility can be ruled out under our experiedge at 160 nm could be produced if shorter wavelengths at
mental conditions at least at the VUV wavelengths. Intensitythe FH would be available. Finally we note that the present
dependent transmission at the FH wavelength which is muckystem is unique not only with respect to the tunability
more intense could not be observed either. The measuradnge, but it provides alse-100 fs short pulses there with
angular acceptance in the vicinity of 90° phase matching igeak powers in excess of 100 kW. These pulses are synchro-
also much larger than the beam convergence onto the crystaized to a number of other pulses at different wavelengths
and should not affect the conversion efficiency. Another posand can serve as a basis for time-resolved pump and probe
sible reason remains the spectral acceptance. For our crys@tperiments in the VUV with kHz repetition rate.

thickness the spectral acceptance is sufficient if we deal with
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