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Modeling the subpicosecond pulse compression in the
vacuum ultraviolet and the extreme ultraviolet

Al B Blagneva, 5060 Dinew, amd AL AL Dresiselnh
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A method for pulse compression to e anbpbevsecond varee ip the VUV
cally.  The ieduced plhise modubition ononsieral be a g lee et
!'l!'!:'-l-.'r'-"f!""f. ineheding proup-velncily despersion, palee wolk-off, inifial delns
ssinn and bvperbelic seeant pulses. A rooonable agrecment = found with
Lhe theoreticnl ond experimental resiles of agher aothoes.
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INTRODUCTION

ke l!";.']'l."lil'|_1j.'|"FI e nltroshwrd-pulse genception and com-
Fression hove been extengively developed in eecent venrs
Shorter pulses permit more aceuraie Siming measore
ments and response investigations of cortain sfemic il
molecular avstems to higher Megquencies, Soveral grongs
reported on the pemeration of highpowoes pibses ol sk
pivosecond duration using an excimer laser os a lost
Fll:’!g-e‘.lz Pulses of A2 dirnbion nre oldained b inden-
cavity frequeney doubling in o colliding-pul e mmle locked
frser al A = 310 em" Ui eashoed prialsress tm Pl MUV ol
seviy romgre wanslel poerseil ioveest ol fens weilh Fuigehy feeprepen
ral resglution in solid-state and plasma phyvaies ™ Time
compression of x-ray pulses rom eleclron-storpe rings
using equilemporal optics and x-ray pulse lengt he down Lo
1N s seems feasible®

Becatige of the relatively fow peak powers of 1he existing
coherent sources in the VUV and the XUV seliphase
madulation (SPME does not offer a ;:||_c>;j|-gi'!it.1,- tiv mbataim
enough chirping for pulse compression. Allnnn and eo-
workers 1'efrmr'f€‘-l'| thal mniense picngecond pulses could he
nzcd Lo enhonce the specleal broadening of wenker pulses,
copropagating in hulk glasses % Sinee then, several
gromps have been studying crozsphose modulation and in
duced phasze modulation (DPM efTeels” '™

Recently, we hove modeled the compression of naimse-
ond UV pulses from excimer faees and Raman-ahilted
pulses uzing IFM. ™

In thiz paper we reporl an extensien of 1his melbod 1o
the subpicoseennd ranges in the VUV and the XUV ranges

INDILICED PHASE MUDULATION IN
THEVUV AND XUV

Our colewlations of the nonlinear suzeeptibilits fur 2EM,
Kilw, in inert gazes in the VUV and the XUV have
shown that the existing coherent sourees™™ with yels
tively lnw peak power can indece a chivp with a bandwidih
that iz insufficient for compression of pulzes in the
nanosecomdd and picosecond ranges,  The lengih of the
waveguides uzed iz limited for teehnical Feasone: to severa)
eentimelers. ™

High values of the menlinear susceptibility for TTAL
¥itm = r"Mweiws, w,, —w, ) can be oblained i one
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the KUY iz investigated theareti-
et on Festnance 1 inert gazes iz
hilt af the signal peak, and linear

rhineses he wavelprngtha of the ::ignu'l. Az, and the [LRNLAT &N
Ap i the vicinity of a two-pholon resonanes. 1 the wave-
lemgth pair s chosen in such a oway that ws + wpe = o
fe 18 the resonance frequency, the nonlinear suscepti-
hility yiity teesd can be kept negative, thus avolding the
indheed frenzirg ol Lhe Fij:l1:1|. Sinee the two pholon res-
HEnees i dmert gases are bigh bving, As and Ap can be
splected for from single-photon resonances, which reduces
the abaorption. Table 1 ahows the lowes) Cwo-photon resn-
mnees ininerl guses, Lhe respective resonant-level energy
WL el e possibile woeclength g AL A ) hawing o hiph
nonlinenr Spmet bl ililits T b= :-"iuﬂ.lll w:u'rlq-nprl h iz =

fevtead bevineide with VUV amd XUV 2ources reported in
the literature, and the respective pump wuave can be ob-
tained by the widely used dve laser and other lazers. It
shnuld be nated that. by a fixed detu ning from resonance,
vitw decreases from Xe o to He 1"

The rezonant character of Fring. however, possesses
bandwidth limitz, This intrinsic limitation becomes im-
portant ol two-pheton detuning from resonance of Lthe or-
der ol the chirp bandwidth,  The spectral broadening AA s
ol o Lransform-limited compreszed pulse with a fixed
durmtion a. decreaszes to shoyier wivelengths Az, Thisz
dependence is shown in Fig. licurve 1v. The other depen
dence shown fourve 2t the nonlinear susceptibility !'p('r:Fl-:-\,:-E,
stronply inereases with small detuningz, A compressed
pulse with 2 certain duration ean be oblained through
nenlinearity with a maximum value, determined by a de-
tuning frem resnnance not amaller than the sxpected
spectrum bropdening of the stgnal (Fig, 10, This plot can
hee vmad frp an cstimate of the requived lengih of the non-
linear medinen. From the elher side aostrong limit to this
Tewpet b evnnle] b posed by the group-velocity mismaleh,
Further, the response time of (he nonlinearity is espa.
cially important, since it alfects chirping of subpico-
aecond pulsss.

INDUCED PHASE MODULATION IN A
DISPERSE NONLINEAR MEIM UM

It mur model, signal pulses I and pump pulses [ oare trav-
eling in g hollow wavepnide containing a medinm with
cubic nonlinearity and density A The prezent conszider-
atinns are made by the following restrictions:  a negli-

01 Diptical Bociely of America



G101 Opt See Am. VoL 8 Mo, Gldune 1992

Table 1. Nonlinear Medium, Two-Photon
Resonanece, Transition Energy, and a
Possible Signal- and Pump-Wavelength Pair,
Ensuring High Values of the
Nonlinear Susceptibility
for Pump-Induced Phase Modulation
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Fig 1. Seloctiom chart for TPM and comspression of ool
|.HI|HI:'H. Owrver 10 apecten] hmedeming A, virs sk ey
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susceptibility versus dotuning feom Lwepholon resonamnee,

pible 5PM, a negligible TPM of the pump from the signal
[y == Ip), & coordinate system connected wiltk Lhe signal,
a negligible efficiency of the four-woave mixing and
parametric processez, and, linallv, & fazt nonlinear re-
sponee with respect to the pulse duration.

The Schridinger equation (S5, descrihing the svalution
of the slewly varyiog signel pulse, is

_ ol Al .
e.% + ag?";'; + B M1 e Ty = 0, i

The input. pulses bave o Gavssian form
stz ) = Asixlexpl - 20 i) + ihoins”], 2al
diplx, vh = Aplrienp] -1t — 7 + 2o P 8a STt 12kt

where aelx) amd oy ixt are Lhe pulse half-widths at phe 15
lowiel, Botxt ig the Tregueney charp posnmater, Acixd gl
Apix}t are the complex amplitudes, . i the initial delny
hetween the pulses, and voe = o' — og 7| is deter-
mined by the group-velocity mismatch. In Eq. 1),
ag = {=1/2HAN Tre®Wa a0 o, 15 the group-velocity
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dizpersion (GV I coefficient and &™) iz the nonlinear
coelficient, Le.,

B"™we) = (3 Nyt ) [Asnotws)] "

Using the variational functional L corresponding to

the SE

P bt M-e) Arfeg |
Lo=—=1a =g ] + a5 |[—
2 ,‘L' ax T oax | ar
M el o] 2 {30

we nhtain the Inllewing dilferentinl equatinns for the pulse
duration ogixt and the chirp rate batx:

der
— = dr.achy, {41
alx
1|-|'l-, i [LE . e
e e Jevaradie 4 ;r;-‘ L “I’rrr.,-l I_.-‘i r.l

0y it v = .'I'Iu":l,]--:lz
s 4 e R
g + et i ag” + ar

. 1 - ﬂ;-'l _ 2053lm - ."U-'sp:|2 . (5}
oot +oap” s + ap

[t 1= imporiant to evaluate how well the variational ap-
proach can take into aceount the combined effects aof IPM,
pulsec wnlbe-nfF, aod st el delay ™™ IF the pump pulse has
an initial delay with respect to that of the signal, the latter
ares i g gnediim wilh a normal dispersion, Lthe leading
Treme ol the pump pulze, and its spectral diztribution is
alrifted to the ped stde of the spectram. Conversely, with
no initigl delav, the zignal pulse feelz the trailing front of
the pump, the spectral shift is toward the blue, and, when
the pump pulae pazses completely through that of the
sipnal. the 1I'M dioes mid change the spectral distribution.”

Wi hove corepared the resultz of our nppronch with the
thenretivnd ol paperimepial pesulls of Baldeck of af"
W b in Fige 2 thoe dnndievd worvedeaggel b shif e vaeesaes: Ll

1}

SIGNAL WANE LEMGTH SHIFT

DEL&Y, ps
Fre @, Eammpari=nn bt he woeriot doma ] veed besed oo e sl
curvel pnd the vesult of Rell % rdashed curvet in the case of
signal-wavelength shift versus initial delay between the input
pulses the = 532 nm, Ae — 1064 nm, ap = YV Ea: = 198 pa,
length of the oprical fiker L = 1.04 m, ie., four times the walk-
nff ]pngﬂt".
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Fig. 1 Influence of the mediem Tosses on the sig
ghift.  The condilione are the aamme as those m Fig, 2.

wl-mavelength

pLind delay, valenlated for the sxporimonial eomdifine: nf

el 8 A reasanable agrecoment is seen B bioth depen-
demcies.  When Lhie GV is neprhecetnd, B 140 eam b inde
probecl dvreetly i order Lo oblnin an expression for e
chirp bandwidth, similar to that in Kef. 9 but novmalized
Lo tog® + 2,%" instead of o, Gie, Tp) This result de-
eeribes adequately the case of Lhe induced linear chirp at
ap %= a,, certainly with a reduced compression ratin."™

The influence of the medium losses due Lo simgle- and
two-pholon absorption can be accounted for by o damping
nonlinear coupling in the SE:

k“lml,m_ﬁ_l * J;g_' 'vlr-rm ¥l = .E_":“Il,m_.‘ Ir-'\rp: '.’.:.-_1:5'_ T

where v is the deeay ermstant.  Figure 3 plots the varia.
tion of the induced wavelength shift over the lengtl of the
mcsdinem for Mxed inebiod diday withoul tsolid curves: and
with (dashed curves) pump lesses in Lhe medinm,  As ane
ean seent from the Nipere, the sffect of the abaorplion on
the induced wavelength shift i= a minimum for polzes
fully overlapping at the entrance of Che meditm.

The variational approgch used here permita Lhe selee-
tiom al & dilferent probo function G deserihe e sipnal
and pumipe pulses. Tn Appendiz A owe sl The resalis als
Lanreeed Tor o by perbolie seeanl Cype of pulae,

PUMP-INDUCED STEEPENING AN
NONLINEAR CHIRP

Animportant enndition for a sueeessful pulse compressinn
by a pair of gratings is the absence of nonlinear frequency
chirp. Let us now consider the propagation of sipoal aml
pump pulses, accounting for the rates of the hincar 1ha
and nonlinear (cgl chirp and the temporal =hift of the
zignal peak, originating in the intensily dependence al the
group velocity of the sipnal pulse®  For simplicity of pre-
sentation, we have neglected the inlluence of the initial
delay batween the pulses and the group-velocity mismateh
vgp, Accounted Tor in the previoos model W hove e
tained the GV ex, although e is more signilicant than
g The analysis is done in a single moving coordinate
syelem.  The eguation deseribing the [FM on a probe
pulze from an inlense pump pulse troveling together =4
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P—  ga—— B M il P + B =] firgd = 0,
x a7~ T

(7
where 3 = 28" wo)jwe. The additional nonlinear term
in Eq. (T4 az coanpared with Eg (10 arises when the slowly
VAEYING |J11r1=|:_'|_,'|gl approximation must he amended to ae-
count {or short-pulse propagation. We assume Gaussian
input pulses:

sl 71 = Actxlexp[ =17 = £/ 2a:%x)
s ihatxiet + amixort], i8a)
dle, sl = Apintexpl =78/ 2a " x0]. i8h}

It ean be shown that the T_..;lgralngi;'lh

i '-"_l.l_;_‘ __r|l|'|'_q-' ﬁu'l::
L== |l\||'r_-. — = T | +
a kS ar AT
il o™
i . ' wirs
I Topag | |_|;|.\|"'|r,'.l_r~ © e rlﬁ'll,.'.lpl"lﬁq P . a0
T

wharr iU is inzericd inlo the Legronge equation, gives
Fog 170 Dl thae abwces vinriativman D preecealiness, e olibain
nosvatern of ordinary difforenlid egquations {or Lhue varin-
tiomal parameters (see Appendix B).  These results need
s comment.

Since no initial assumptions are made for &5 and cs, we
eun Lreat them zs complex parameters.  The imsginary
paris by’ and e, which can be either positive or negative,
cun be interpreted as small correchions to the signal pulse
duration:

']

Av = Awnmxp|—lir — £¥/2a0:7 + be'r? + c5'r]

fea"r'} (1

i
1 ||!I.‘l'l"_.'

Meglecting for a moment the GVD and getting £ <= ay
und e = ap, we obtain, frem Eq. (B2 below,

£ =278l Ar*r (11a)

Fallowing the gpproach of Anderson and Lisak,” applied
tor the 5P swo obtainpd ™

£ AlA i11ht

I thee diesiving case in which @, £ and ¢ are neglected, the
results, given in Appendiz B, reproduce our previous
nnalvaes.

Let us illustrate the method on the example of Ag —
1216 nm, the Ly-o tranzition of the hydrogen atom, owing
to the special interest in the generation of coherent
emizzion in this wavelength,” An appropriate gas iz
For 1, where @y + wpois near the twospholon resona o
Ap*-Bp[3/2], at Ap = 650 nm. I a duration of the
compreszed pulse of the order of 500 (s is desirable, we
chizin [rem Fig. 1 a minimum detuning from resonance,
Ad o= 4 = W% am, and & respective nonlinear eoefTicient,
[gotml = 3 = 107" p3u, (ur estimates are for AA =
0.1 nm. from which yielws! = —1.4 = 107" sgu. The
waveguide vonzidered 15 an aluminum capillary with an
internal diameter of 2p = 200 wm, lilled with 1 atm Kr 1.
The caleulated group-velocity mismateh is vep — 6.4 pa/em
and, at input pulses of 30 ps (FWHDM), the length of the
nonlinear medium is limited to I = 3 em. The GV co-
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efficient is calculated to he ag = —91 X 10 * s*’/em. The
intensity of the pump pulse is taken as I, = 2 x 10" Wem®
(Pp = 6.3 X 10° W), considerably smaller than the critical
value for self-focusing (Pp.,,,”" = 1.3 X 107 W). The
second model predicts a compression ratio of F = 140
(F = asAw'™/2, where Aw'™ is the chirp bandwidth).
The first model, which includes the group-velocity mis-
match between Ag and A, gives a compression ratio of
I = 72 for the signal (0 ™Y - 420 ). This reduction of
the proposed signal compression efficiency results from
the group-velocity mismatch and the pulse walk-off'" and
is to be expected in a potential experiment. The shift of
the signal peak is ¢ = 32 fs, which is negligible compared
with the initial duration as(x = 0) = 30 ps. The ratio
csas/bs® = 107 shows that the nonlinear chirp would
not influence considerably the pulse compression. The
corrections to the pulse duration from b’ and cg' are of
the order of 1 fs and can be neglected with respect to as
and ap.

The nonlinear susceptibilities are calculated numeri-
cally according to the single-sided Feynman diagrams.®
The full expression for xiiy consists of 24 terms. In the
vicinity of ws + wp, the two-photon resonance xiiy is de-
termined mostly by terms of the type

reATAR

Y .
—{lwgr — ws) T+ (wea — wp) 2

war — ws — wp — L

P Hwas = o) oy - o] 'Y (12)

where r; denotes the corresponding dipole matrix element
and I' is the damping constant of the transition. The ma-
trix elements for bound-bound®® and bound-free’” transi-
tions are corrected for sign.***"  Within the accuracy of
the matrix elements used, the accuracy of the nonlinear
susceptibility calculation is estimated to be 407%.

The high negative value of yii\((w) is indicative of in-
duced defocusing. In the case considered here the refrac-

tive index of the aluminum capillary is™

naldg = 121.6 nm) = 0.607,

and the maximum decrease of the refractive index of the
nonlinear medium was calculated to be

nds) = ny(Ag) + (1/2)n k) |Ap]? = 0.995.

Therefore the waveguide mode of propagation will not be
significantly disturbed by the induced defocusing of the
signal. The characteristic length for multimode struc-
ture formation in the waveguide”

zo = [p/(20.) ]exp(V/2), (13)

where 6. = arccos{na /n(Ag)} is the critical angle and
V = 2m/As)pni(rs)sin(@,) is the waveguide parameter, is
more than 2 orders of magnitude larger than the wave-
guide length considered, and hence the forms of Egs. (1)
and (7) are correct.

CONCLUSION

We have analyzed the inert gases as a possible nonlinear
medium for compression of ultrashort pulses in the VUV
and the XUV. The lowest-lying two-photon resonances in

Blagoeva et al.

He1, Ne1, Ar1, Kr1, and Xe 1 ensure high nonlinear coeffi-
cients for pump-induced modulation when pump and signal
pulses copropagate along the medium. The variational
method is shown to describe adequately the theoretical
and experimental results of other authors. The compres-
sion of pulses to the subpicosecond range can be optimized
with respect to wavelength detuning from resonance and
medium length.  The initial delay hetween the pulses and
the group-velocity mismateh are shown to influence nega-
tively the pulse compression. Our analyses show that the
variational method for solving the Schriodinger equation is
an appropriate description of Gaussian, hyperbolic secant,
and other types of functions as well as the temporal shift
of the signal peak and the velocities of the signal and
pump pulses. In a model experiment, pulses as short as
420 fs on the Ly-a transition at 121.6 nm of the hydrogen
atom seem to be obtainable by input pulses of 30 ps. A
numerical solution of the corresponding equations can
show, however, how well the phase-modulated signal
compresses as a function of the experimental parameters
proposed.

APPENDIX A

The Schrodinger equation and the Lagrangian do not de-
pend on the specific choice of the probe function. Let the
signal and pump pulses be approximated by a hyperbolic
secant function, namely,

olx.m) = Agtosech] /a0 jexplibe(0)77], (AD)
Wplx,7) = Ap(x)sech[(t — 1p + xvsp)lap(x)]. (A2)

Solving the reduced variational problem, we obtain a
system of two ordinary differential equations:

das

= 4(13(15175, (A3)
dx
d[)g 5 4(15 lepm(ws) |Ap 2
GSE = ~dasashs ¥ s’ * m?
B Bap cosh{(rp — xvsp)/ap]
X q- +
(15*142 a52A2
_ap sinh’[(7p 0— xl/_cp)/ap]} i (Ad)
as“A
where

A = cosh’[(rp — xwep)fasieosh’[(rp — xvsp)fap] ~ 1,
(A5)
B = sinhftm, — xeep)aplsinh[2(r, = xvsp)fas)
X [(rp — xvsplfas]. (AB)

When the initial delay and the group-velocity mismatch
are negligible, Eq. (A4) is transformed into

dbs 2 das 6k"™(ws) |Ap|%ap
as dx dasasbs” + mlag’ * (ag? + ap?)?
X (ap? — ag® — 2asap). (AT)
APPENDIX B

The system of the coupled ordinary differential equations
for the variational parameters ag, & bs¥, bs/, cs”, and cs’



Blagneva et al,

haz the [orm

% = (s /1267 — ag®)]1Bhy"ast® = 4bMugt — 120 Mt

+ 36 N 4 1 - DAZEY 0l

El BT T TR BTN L ' il

— = [ag/las® — 6891 (9es"as' + 4h"n s

= 12c5"¢" = 8h e + DO3Bay” 1168 — Ha”
® fag? + ap™7, 132

—— = —los/as" (26" — as® [{28° + as’ + [les™F — 104'F]

(368N — 2Tas”™ + dagt2et - 0l
# (s — B+ [O2EY — alt]
WA M) [~ BENZEY + oY

—_ a,Pn:Zf* . GRTF ¥ I:I'_ﬁ*J':ﬂ;rg + |:I'r-2'| ]

+ 285 e E - o:F), i B3}

T
d:—; = =[eqfaa2E® — ag") |- 20 e TG T + 2T
+ Rﬂ.-sdh.-fn'-”.ul':ﬂfg - ﬂ.u.:ll | Ir.".lﬂf" - !-',-'Ill
WOUHE SR e i N
des” ¢ * T - Ny W wor 3
E - [4'1"‘""'3{2{ T iy ]]{‘fﬂ# + ety - ewhy et

— BBics"PET + 3BT - 1Bie"het - el 1Y
+ (A0 Besi et — e 2R ™ 1
e P A T R TP TR 1HG
dc#f 2 2 ol oW Y
ar = [Aers/32E* — ae ][ Meshe' — eule o
— 72¢%s"es’ — 18ic"bs" — colha i)
+ (A0 B 2E7 — a0

(P2 + Ahs'upiG — BodH), 1 )
where
C o= |An e enpl — £ " + %], (BT
D= 48 — a1+ 28% 05 e+ el (1R
E = (=Otag' = 2ap' — Vag'e = 260" 1 ag"
®otag® + ot (Bat

F =[3pas’2astas’ + ap" P Hade%as"a," + 1985 %0,
+ lattagtap® + B2t — BE "

— 128% % = 2348% 5 ap® + Bagtne' + Taglne®

+ 1785 0" - BEay" +oas'™, [
0 = aglles® + ap®l — 46 + A%a g + 0l

®oiag® + ap”) ™, 181
H = [3ap 200" + 0. P77 [ - 3a 0, a2 + oap®)

S AU TR T T I PR P

+ 25" + A8% et HEY

Vol B Mo, BJune 19920, Opt. Boc. Am. B 213

REFERENCES

=1

14

2,

]

20

24,

0 Ehao, P Selsiifer, and 5 Sratmari, “170 £ pulse genera-
o by optical pulse compression at 308 nm,” Appl. Phys, B
A8, 1302140 11998,

-8 Seateari and T I Schiifer, “Simplificd lazer svatem for the

peneration of Gi-fs polses ol 248 nm,” Appl, Thes Lett, 68,
THHE 0 1S

[0 Febelstein, KO85 Wachman, Lo K Cheng, W1
Basenherg, and C L. Tang, "Femtosecond vltraviolet pulse
generaion in G-BeB0y" Appl. Phys, Lett, 52, 2211-2214
HE IR

DG Stearns, 0 Lo Lander, E. M. Camphell, and J. H.

Seeflield, “Generntion of ulirashort x-ray pulses,” Phys. Rev
AT, 18841600 1038,

WKL Popow Usp. Fiz, Nauk 147, 587604 11985),
- P L Gennka, “Eguitemporal x-rav optics 1lime eompression

of x-raw pulaes),” 0, Appl, Phvs B4, DET-971 11088

40T, Manasaah, M. Mustala, B R Alfano, and P P Ho, “In-
duced suporcentinoem and stecpening of an ultrafust laser
pul=e Phys: Lol A TIE, 242247 (195850

BH Allann 4 Li T Jimba, J T Mannsasah, and . 1P Ho,
“Induced spreceal broadening of & weak picosecond pulse in
gla=s produced by an intense picosecond pulse,” Opt. Lett.
11, GRE-GRA 1LRRG

L. Baldeck, E. K Alfoon, sod G P Agrawal, " Induced
Tronueney shift of coprogagaling pulses,” Appl. Phys, Lett,
B2, 19301041 110988

- ROR, Alans, BUOL Baldeck. PP Mo, and 60 P Agronwal,

“Cres-phase mdlelation and mdueed focosing due (o oplical
nombineacitees tnonptieal ikera and bulk matoerial=" J. Opt,
b T VUV L R I FLURS EECIAT

B Clvemsing cifects ol TERT o oo pepvalme paglear
prepmgatiogg oy wedioen,” Opt, Lt 14, 35906 - 355 © 19HY .

A FoAgrawal FOLo Baldeck, and B, R Alfann, “Temporal

aind speetral plleets of cross-phaze modulation on copropagat-
g ultrashort pulses i optical fibers,” Phys. Rew A 40,
SUGRI-3073 118801

- o Greer, 10 AL Fatrick, PG L Wigley, and J. R Taylor,

“Picosecond pulse peneration from a cw diode laser wsing
cross phase modulation.” In Conference on Losers and
Elecfroomfoes, Nl T oof 058 1990 Technical Digeat Series
10picol Society of Ameriea, Washington, DUC., 1990, paper
CTLTHA .

G P Ageawal, B L. Baldech, and B K. Alfano, "Modulation
instahility induced by eross-phase modulation in optical
fihors” P, Rov A 39, 3406- 5413 719800

. I Schad: and B Jaskorzvnska, “Suppression of the Haman

sell-lregquency zhilt by cross-phase modulation,” J, Opt, Soc,
Am. B 5. 2347=-2378 11056

L5 G Dinev and A AL Dyeischush, “Thas rndeed phuse -

Eation im the TPV Phys, B 24, 319-323 (1991

S B G Dimev and A, AL Dreischih, “Nonlinear optical proper-

tiez of atoms and ions in the XUV in Proceedengs of the
AXVI Colloguinee Spectroreopernm Fnternational, A
Petrakiey, od. INTIK Printing ONTice, Sofia. 19891 Vol. &,
RO P

J0F Hesnlges, N feovor {heteed P efede Pooweesses o
Ligurads amdd Gaces tAcodemic, Orlando, Fla, 19841, Chap 2
V0 Papanyan amd M. Becloletts, “Doukle Baman scattering
seheme for an XUV lazer,” [EEE J. Quantum Electron.
QE-23, 551-500 119871

T. Hidaka. “Estremely low lozs hollow core waveguide for
WU Light,” Opt. Conumon. 44, 90-83 (19821,

- D0 Anderson, B, Lisak. and T Reichiel, “Approxompde nnalvii-

cal approaches to monlinear pulse propagation in optical
lihers: g eomparison,” Phes, fev, A 38, 1G18-1620 (1988);
T Andersen. “Variational apprmch Lo nonhinear pulse propa-
gatioe e optival {ibers,” Pivs, Rev, A 27, 3135-3145 (19530,
A T Manazzah, "Pulse compression of an induced-phage
meduloted wenk sipnal,” Opt. Lett. 13, 75R-757 (198H)

It Anderson and M. Lizak, " Nonlinear asvmmetric aelf-phase
medulation and self-steepening of pulses in long optical
waveguides,” Phos, o A 27, 13893- 1398 (19880

SO0 Dinew and AL AL Deelschoh, “Tndueed stecpening of fem-
tovecomd pul=es,” Opt. Quantum Electron. 23, 630-647
Tan,



914 J. Opt. Soc. Am. B/Vol. 9, No. 6/June 1992

25. Y. Prior, “A complete expression for the third-order suscepti-
bility (xy®)—perturbative and diagrammatic approaches,”
IEEE J. Quantum Electron. QE-20, 27-42 (1984).

26. A. A. Radzig and B. M. Smirnov, Paramecters of Atoms and
Atomic Ions, 2nd ed. (Energoatomizdat, Moscow, 1986),
Chap. 6, p. 215.

27. (3. Peach, “A revised general formuta for the enleulation of

atomic photoionization cross-sections,” Mem. R. Astron. Soc.
71, 13-27 (1967).

28. D. R. Bates and A. Damgaard, “The calculation of the abso-
lute strengths of spectral lines,” Trans. R. Soc. London A
242, 101-122 (1949).

Blagoeva et al.

29. H. B. Bebb, “Quantitative theory of the two-photon ionization
of alkali atoms,” Phys. Rev. 149, 25-33 (1966).

30. D. L. Windt, W. C. Cash, Jr., M. Scott, P. Arendt, B. Newman,
R. F. Fisher, A. B. Schwartzlander, P. Z. Takacs, and
J. M. Pinneo, “Optical constants for thin films of C, diamond,
Al Si, and CVD SiC from 24 A to 1216 A,” Appl. Opt. 27,
279 295 (1988).

31. A. W Synder and J. D. Love, Optical Waveguide Theory
(Chapman and Hall, London, 1983), Chap. 8, p. 134.






