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Third-order freguency nixing in gases 15 a well established
method for the generation of eoptical radiation in the spectral
regicn of the vacuurw ultraviclet (VUV) at wavelengths A v (v=100-250
rx and of the extrerme ultraviolet ({(XUV) at A »xrv=58-100 nm. The
picneering work in this field has been Fublished mnore than ten
years ego by Ward and YNew®, Harris anéd Mileg?, Milee ang Harrise®
I Fung et gl¢., During the past decade the resultes ¢t a larqge
hecreticel and exprerirentzal investigations deronetrated
ney miming of powerful laser 1light generates intercse
'V redigtion with Ifixed cor tunable Ireguency and hick
ightness® €. %

&nt freguency tripling end sur- end difzfe

rence

frequency mixing (Wivv=2w;"w; ) cenersted in tre rare geses Ye, FKr
and Ar breadly tunable VUV racdistion in the wavelen ngth rance
Aviv=l10-200 nmf-!t.  Thiré  harnenic  generation  in Ay né le

preduced XUV light in spectrel regicne between 72 ard 10E -
Irn. these experiments lazser pulse poewers of 1 te 5 MW rrovided

ccnversion efficiencies cof 10-° o 10-¢,
The e€fficiency cculd bLbe increased by severzl c_éers of

ragnitude by using resonantly enhanced frequency cenversionsi® ., By
uning the laser freguency to =& twe-rhotorn resonance . fcr
»ample, the induced polarizaticn ig rescrnently enhzanmced. The tweo-
heoton rescneant conversion, which is

usuaily of the type Livpy=2ey+

e re wiris tured to a two-photeon tranmsitics =-=4 &y s
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riable freguency, provides cenversion fficiencies cf + > 10G-
even &t input powers ¢f only a few kilewatts. “

In the vypast the resonant freqguency corversien rLae Feer
investigzted in metsl vepors !¢ {such as Sr, ‘g, Cs, Ea, Hg arnd
Zn) aﬂd in the rare cases e and Kriv-22

Fo experimental realization of the frequency LiXing, rars
gases are advantegeous. Boclosed in a glas or retal cell ecuipped
with appropriate windows) these gases provide 2 nornlinezr mediur
of horogenous, eesily veariable density. Thecse gases are thus &n
appropriate medium feor the constructicn of & reliable VUV light

scurce useful for spectrocscopy applications.

For spectroscepic applicaticns perameters 1ike the tuning
range, the output power and the bandwidth are of special interest.
In the following typical values of these paraneters ere
sunmmarized.

Tun

14

ng_renge
Fhase-metching ccrnéitions between the cgenerated VUV and the
focused laser light restrict the tuning range of the sum freguency
to s=spectral regicns of negative rnrismaich 4 K, defined &g the
€ifference between the wavevectocrs cf the generated radiaticn and
the driving polarizeticonf o1,

Trhe rare gzsec .e, Lr, ¥r and Ye preovide the reguired recative
€ispersicn &t the high energy side of their rescrnance transiticne




in extended regions cf the wavelength range Avvv=6€6-147 nr. {see¢
Fig.l)e Akove the trensrissicon cut off o©f LiF (Avi+v’105 n-) Fr and
Ye are negastive cdicpercive in the wsvelernoth reglioneg 110-L14 LT
{(¥r) ., 112-3117 nmi¥e), 117.2-11¢ rnn(Xe), 120-11%5 nrn{Fr), 21IZ¢&-.CF%
nm{e) and 140-147 nm({Xe). Akt these wavelengcthe nonresonant third
herreonic genereticn and surn freguency nixing heas been investigeten
in detsil® 7. Frequency tripling cf the third har-onic of the 1a-
YrG leser - that generstes internse VUV 2t 118.3 nr. - &nd the
generaticn cf radiation &t Ly=121.6 rnr are well-known exarplecs.
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Fig. 1 fpectrel regicneg with necgative rnisrztch ¢ ¥ fer freguerncy
tripling and sur-freguency miMing

in contrest to the sun, the C¢ifference frecguency carn be
gernereted 1in a rmediur. with peositive or rnegetive rmismatehf. s
Since thls ceonversicn is nct restricted by the dispersion cf the
medium it should be suited £or the generstiocn cfi VUV ir the ertire
rence between 115 and 200 no.

Thile hes been demconstrated by rixing the furndermentzl frecuencies
¢f the drye lezser {en) cr cf tre KE-YAG leser 315 ) with the UV
recdieticn with the freguency wuiv=2¢ in the rzre cases e, Fr end
RYTorILIL 1c.2 Cispleye the Uning ranges c¢f the differernce
frecuerncies wrvrv=2wWrv-wir (wWith & =24y and L =420-7C0 1m) and
Criv =2 v~y (wWith evv=28y end AL =4£20-€20 nm)
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Fig. 2 Tuning range of the nonresonant difference frecuenc:
riving in rare gaces ]
Lityvpe=2ary ¢y with ¢pv =23 and 21 =420-7C0 nm
E:wvrv=2iqv—d@ with «'tv=20 ané 4y =L20-€£30 nr
A1 is the wavelength c¢f the dve laser.

It should be enphesized that this nonresornant frecuency
conversion reguires only cone dye laser purnped by the s=eccnd cor
third herronic of & NE-YAZ leser.

t= the nonrescnant difference freguency rniming the two-pheotcen
rescrnent differernce freguency ccocnversion rogduces widely tunzble



VUV. In Fr, for exarple, the cdifference frequency L2vey =248 ~ary of

UV radiaticen at A%=212.5 nr (resonent With the 4p-5p {1/2,0/ two-

rhoton transition) end of tunable dye laser light at J.=r1¢02c¢0r nr
generates racdiaticn &t Aviv=120-215 nm (see Fig.3).

It should be er.phasized that the resonant sun-freguency

Wiy =201 4t penerates continucusly tunable radiazticn at Asiv=72.2 -

6.7 nri®, In this case the frequency e is tuned at A=
217-¢00 nro.
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Fig. 3 Tuning range of the resonant fregquency mixing irn ¥r:
Wyrv =g =t with Ap=212.5 nm. Ziwr=a , Biay =24
@i itz the fundemental freguency cf the cye leser
(AL =420-500 nn).

er
:resoneant fregquency conversion laser pulse powers of 1-
i conversion efficiencies c¢f 106 %Y to 1C-¢. The POWEr ©
nerated VUV 1ight pulses is typicelly in the range ¢f 1
igre rhotens/pulse) . The efficiency ie liriced
dielectric gas brezkdown in the focus of the laser 1light 3
nenlineer intensitv-dependent chances ¢f the refractive indexis
The rescnant frequency rixing wusuzlly provides conversi
,efficiencies of 10-2to 1D-4 depending on the resonant enhancement
©f the nonlinesrity &and on the lacer power. Wwith dinput pulise
powers of the rescnant UV rzdistion cf only 100~200 KW the VUV
output power generated in Kr is in the range of 0.2-2 FW (6 1011~
€-10!2photons/pulse)?® . Kigher input powers will further increzse

the VUV output by at lezst one order of ragnitude.
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Banéwidth
The spectral bancwidth of the VUV radiation is determinec by
the linewidth of the pulsed laser radiation.

The linewidth of commercial pulsed dye laser systems de
typically 0.2-0.5 cr !, With =2dditional 1line narrowing - previded
by intracavity etalons - the spectral width is reduced
to 0.02-0.1 crn-!. For these convercions whick use the radiation of
the fundamental of the NE-YAG laser injecticn-seeded systenms may
e used. The linewidth of these lasers is less than 3103 ¢r-1 |
For rnarrowest bandwidths the radiztion of ecw cye lasers ic
arpliiied in pulsed dye laser emplifiers. The fourier-transform~
lirited linewidth of the arplified radiation is also less thap
3-10-7 em~1 .

Depending on the used laser systems the barndwidth of the
generated VUV radiation it on the order of 0.01-1.5 cr-1?.



Becaure cf the srnesll espectral width the spectral brightnesc

cf
rnerrowband VUV generated by resonant freguency converegien, feor
exerple, if on the order of 107 rhetons sec 'nn-!, Thie wveluce

furpasses the spectral brightness of synchrotron VUV light scurcecs
{(which is typicaliy 1014 phiotons sec-inm-1) by
magnitude.

Tre discussed results demonstrate theat nonlineer copticel
freguency conversion produce widely tunable VUV radiation. Beczuce
¢f the narrow spectral width and the high intensity the VUV light
is & powerful tool feor high resclution spectroscopy of
r.clecules. Thie has been demonstrated, for exarple, by ebscrpticn
spectroscopy, by excitation spectroscopy or Ey state selective
rescnent-excitation-icnization SpeclrosScopyY {see ref. 5-7
references therein).

Today the nurber of spectrcscopic epplicaticons of cokerent
leser-generated VUV light is etill emzll. Beczuse of the

orders cf

gtors &anc

and

eirple
way of generstion and the excellent spectral preperties there g
no c¢oubt that in the future this rediatiern will be very uvseful fecr

& large variety of spectroscopic applications.

refe

r
i. C.E.
J

HE.C. New and J.F. Ward, Phys. Fev. Lett. 1S, 556 (1S€7)
F. Ward &rnd G.E.C. New, Phys.Rev. 2£5, 857 (1¢c6¢)
2z S.&. Harris end R.B. Miles, Appl. Phys. Lett. 18, 385 (1¢71)
3 F.B. Miles ard £.E. Earris, IEEZ J., Quantur Electre-. cI-¢,
470 (1&873)
4. A.E. Fung, J.F. Young, G.C. Eicrklund and S.T Eerris, Fhys
Fewv Lett 2_9_u Sts (1972)
5. W¥. Jarroz and B.F. Stcicheff, in 'Frogress in Optics' (E.
Welf, ed., licrth Eellend, Arsterdarm 1%£3) vel 20, pp. 326-3£0
€. C.FR. Videli, in 'Tunzble Lasers' (I.F. Mollernsuver snd J.C.
Write, eds. Springer Verlac, Keidelberg 1%8¢)

7. E. Eilbig, G. Hilber, . Lago, B. Wolff and E. wWallenstein,
Commente At.Wcl.Fhys. 18, 157 {2

8. G.C. Bjorklund, IEEE J.Quantum Electron. QE-131, 287 (1¢75)

S. K. Mzhon, T.J. Mcllrath ané D.W. Koopman, Appl. Fhys. Lett.
23, 305 (1978)

10. D. Cotter, Optics Commun. 21, 387 (197%)

11. R. Wallenstein, Optices Commun. 33, 119 (1S80)

12. R. Hilbig and R. Wallenstein, IEEE J. Quantum Electron. CF-17
1566 (1¢%tl)

13. R. KEilbig, PhD Thesis, 1984 (to be published in Appl. FhLys.)

14. F. Eilbig, G. Eilber, A. Tirrerrann ané K. Wallensteirn: 'Lzser

Techniques in the Extreme Ultraviolet', in Procc. AIP conf.
veol. 11%, 1 (1¢84)

i5. F. Hilbig and PR. Wellenstein, Aprpl. Optice 21, ©13 (18f2)

1€. F. Biltic and F. Wallencstein, Optice Commun. &£, 282 (168§3)



17.

ilg.

19,

21.

22.

23.

Bilbig, A. Lago and R. Wallenstein, Optics Commun. £e, 297
i¢t84)

D.C. Hanna, M.A. Yuratich and D. Cotter 'Nonlinear Optice of
Free Atcms and Molecules' (Berlin, Springer Verlag, 1979);
M.A. Yuratich and D.C. Kanna, J. Phys. £9, 729 (1976)

see references neo. 5,6 and 7 and references therein

G. Hilber, A. Lago and R. Wallenstein, JOSA B 4, 17832 (1¢g7),
and references therein.

G. Hilber, k. Lago and R, Wallenstein, Phys. Rev. X366, 3827
{1SE7)

G. Eilber, D.J. Brink, A. Lago and R. Wallenstein, Fhys. FRev,
A3B, 6231 (1988)

H. Langer, H. Puell and E. £8hr, Oprt. Ceomun. 24, 137 (1%g890)



