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Two-dimensional model for femtosecond pulse conversion and compression using high-order
stimulated Raman scattering in solid hydrogen
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We present a numerical model for the interaction of a femtosecond probe pulse with a Raman medium
excited by two nanosecond laser pulses in solid hydrogen. The model consists of a solution of a system of
Bloch equationgfor the medium stajeand of the two-dimensional wave equati@ar the field propagation
It is shown that by optimizing the tilt angle between the two driving pulses and the interaction length, the
power of the probe pulse can be converted either into a quasicontinuous broadband spectrum or into a selected
high-order sideband. The first situation can be used for generation of subfemtosecond pulses. The second
situation can be used for the wavelength conversion of a femtosecond probe pulse from the infrared to the
ultraviolet region. Due to the transfer of energy from the driving pulses, the energy conversion efficiency of
these processdwiith respect to the probe pulsean be larger than unity.
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[. INTRODUCTION Belenovet al. suggested the use of an impulsive excitation
techniqug 9,10]. Kalosha and Herrmann proposed the use of
The generation of subfemtosecond pul$8&Ps$ is of  subpicosecond pumping followed by external phase compen-
great importance for various applications in science and tectsation [12]. The most important advantage of the SRS
nology. This is a challenging problem and has been attractingiethod is the high-energy conversion efficiengyear-
much attention(see, for example, Ref1]). The basis of all complete conversion can be achieyedldisadvantage is that
traditional pulse compression schemes is the interplay béel léads to trains of many pulses. It is important to note that
tween the Kerr-induced self-phase modulation and the negdh® SFPs generated by the SRS method usually consist of
tive group-velocity dispersiofGVD). In this way, the short- smgle_ or a half an o§C|IIat|on and represent a special type of
est pulses achieved today-é.5 fs) approach the duration 'adiation (@ pulse without a carrier frequendg,10,13).

: . : Such pulses, which in the past have only been available in
of the optical cycle £2.7 fs for Ti:sapphire lasgrand are the tetrahertz spectral regiisee, for exampld14]), can

lk;rgrltii(: E%/ﬁgina:c;]eestﬁgées bhi\r:/inZHTgr(?;ogzgorgn?em‘l t]:bring interesting physical phenomena in the light-matter in-
- S _ ' i feraction and enrich the potential applications for ultrashort
promising methods is high-harmonic generat{bitiG) with pulses.
an intense, few-cycle Ti:sapphire laser pulse in noble gases |, ,,r previous papéil5] we have proposed a SRS tech-
[1-3]. It has been predicted that the pulse composed of COMsique for the SFP generation: a femtosecdsiiprobe pulse
secutive harmonics would have the duration which is shortepeats (instantaneouslywith a Raman coherence adiabati-
than 1 fs. The latest development in this area is the experigally prepared by two nanoseco) driving pulses in solid
mental demonstration of subfemtosecond pulse structurgydrogen (H). This technique combines the advantage of
[4,5]. The most serious disadvantage of the HHG method ishe cw two-color laser pumpinfs] in producing large co-
the low-energy conversion efficiency<(l0™%). Another herence and the advantage of the short-pulse excitftin
method is high-order stimulated Raman scatter{8RS  in reducing the number of generated SFPs. It also utilizes the
[6—12. The key idea of this method is the use of a broadadvantage of solid H as a Raman medium with high-
Raman spectrum for the pulse compression. For examplenolecule density, short-medium length, small dephasing rate,
Yoshikawa and Imasaka suggested the use of phase-lockegid negligible phase mismatfh6—18. By numerical mod-
Raman lines for short-pulse generat{@j. Kaplan predicted eling for solid H,, we have shown that the beating of a fs
2 Raman solitons with phase-locked spectrlimh Harris  pulse with a driven Raman coherence can generate a doublet
and Sokolov proposed to use two single-mode laser bean triplet of pulses with a pulse length of 0.5 fs without the
for an adiabatic molecular excitati¢8]. Nazarkinet al. and  need for external phase compensation. In that paper, we have
used the one-dimension&lD) numerical model which is
applicable along the assumptions that pump and probe pulses
*Permanent address: Institute for Nuclear Sciences and Teclare applied collinearly and have infinite beam sighe laser

nique, Hanoi, Vietnam. intensity distribution is uniform across the propagation direc-
"Permanent address: Department of Physics, University of Hanotjon). We have also assumed that the Raman generation oc-
Hanoi, Vietnam. curs in the same direction, which we justified by the fact that
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The first situation can be used for generation of SFPs. The

second situation can be used for wavelength conversion of a
A fs probe pulse from infraredR) to ultraviolet(UV) region.
355nmi 416 nm
800 p T b Il. NUMERICAL MODEL
—»_, a
’ In this paper we consider the interaction of a fs probe
l pulse with a Raman mediurfsolid H,) excited by two ns
P laser pulses. The ns pulses are tuned close to the Raman
il S e transition |a)— |b), but far detuned from the upper elec-
- R — Ra(“gi‘]lié“;d’)“m — tronic statedj) of the molecules. This far-off resonance re-
W Bl 2 - - gime permits adiabatic preparation of a large Raman coher-

ence[8,17,18. The probe pulse has a duration which is
comparable to the Raman period 8 fs) and has an energy
P kn that is much smaller than the energy of driving pulses. There-
k, fore the influence of the probe pulse on the medium stase
impulsive SRS or Kerr effettis negligible. Our simulations
consist of two steps which occur on two significantly differ-
FIG. 1. Schematic of the techniquky, k_41, po, andk,, are ent time scales.
wave vectors of two nanosecond driving pulses, femtosecond probe The first step, the “coherence preparation,” occurs on the
pulse, and generated Raman coherence. fffeethe tilt angle be-  ns time scale. In this regime the calculations are carried out
tween two ns driving pulses. The is the angle between generated jn frequency domain based on the slowly varying envelope
R_aman coherence and pump pulse. The beating of the probe pu'&‘bproximation(SVEA). This approach is accurate when the
with the Raman coherence occurs along the wave veg{or durations of driving pulses are much longer than the Raman
period. The basic equations for 1D calculations in this re-
dispersion plays a negligible role in the high-coherencegime have been derived in papgi%8,11. The generaliza-
regime. tion of the formalism for the 2D case is as follows. We con-
A real experimental picture can be far richer than the 1Dsider the propagation of waves in 22 plane(electric fields
theory. An experiment with a two-frequency pump has con-0f waves are perpendicular to this plané/e assume that the
firmed that in a low-pressure gas multiple sideband generavaves propagate primarily along thexis and the variations
tion can occur collinearly; however, at a higher pressuref wave envelopes iz direction change slowly compared
(higher dispersion for the same pump parameters the anti-not only to expikz) but also to the variation in transverse
Stokes generation is less efficient and forms ring structuredirection x (the paraxial approximation Further, we make
(see Fig. 2d) of Ref.[19)]). In earlier experiments with solid the SVEA, i.e., we assume that wave envelopes vary slowly
H, Hakutaet al.[16] have shown simultaneous generation ofin time compared to exp{iwt). Then the total electric field
the ring and on-axis components. It is also of interest tg=an be expressed as a sum of the Raman sideband fields
consider a situation where laser beams are not collinear: by
varying the angles among the applied beams one can control
the magnitude and the direction of the wave vector for the
Raman coherence, and at the same time achieve beam sepa-
ration at the output. . .. whereq is the numeration of sideband fields,= w,/c;
_ The present paper_extent_als our previous theoretical |nve%q:wo+q(wb_wa_ 5)=we+qop,; 8 is the two-photon
tigations to the two-_dlmensmn&QD) case. The 2D model . detuning; wg and w_, are the frequencies of two driving
enables us to c_onS|der the nonc_olllnear beam propa.ga_moighlses;wa, wy, anda,, are the energy of levesandb and
geometry(see Fig. 1 and to take into account the realistic

h ; . . . modulation frequency, respectively. It is important to note
intensity profiles and diffraction effects. We use our model Ohat the paraxial approximation, which is valid for beam

"Lizes much larger than the wavelength, does not impose any
limitation on the pulse duratiof20]. The expressiofil) does
o : . ; not mean waves propagate strictly along #haxis. The ac-
tcl)zec.:on% pulse geniLatlgB n Sd0|||d§ ldst ddescrlbeq n Rﬁf' htual propagation direction of each Raman sideband is defined
[15]); and(ii) we use the modet fo Study a regime, whic by the phase factor of their wave enveldpgx,z,t). Chang-

is not accessible to 1D models, and show the possibility for;ia,Ig to the local time ¢=t—2z/c) and performing the same

QOPCK?]!)IH?:.(; Zelthg\{: ti'g?.?;ntc.jmceog:/:rzsg ?] ;%:2; ?neoséel rocedures as described[i8,11] we obtain the Bloch equa-
u wiedge, this | Irst t u : jons for density-matrix elemenys, 5, ppp, andp,, and the

has been used to study multisideband Raman generation. V\% :
shall show that by optimizing the tilt angle between two ave equation for wave envelopes

driving pulses and the interaction length, the power of a fs 1

probe pulse can be converted either into a quasicontinuous (_+ T__ig) Pab=1(Qaa— Qpp) paptiQapW,
broadband spectrum or into a selected high-order sideband. ar T,

v

1 .
E(x.zt)=3 % Eq(x.z0)explikgz— o) +c.c., (1)

medium excited by two ns laser pulses. In this papewe
verify the results obtained under the 1D assumptsrbfem-
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ow  w+1 . " *

_aT + _Tl =2i (Qabpab_Qabpab)’ 2)
P 2Nhw]
P e R

+dg- lp;qu, 1+ dgpapEq1l,
)

wherew= pp,— paa iS the population differencef; and T,
are the population decay and dephasing tinfes,, Qp,
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pulses at the entrance of the medium. The field envelopes, in
2D free space, have a forf20]

A(x,2) Ao X +i
XZ)=——————eXg ——F———— 1 ,
RSB wil+(22b)2] ¢
— 1 t rég + ZZXZ (6)
e 2y w2z

where A stands forEy(x,z) or F(x,z,0), Wq is the beam
waist radius,bqu,wwg represents the confocal parameter,

and Q,, are the Stark shifts and the two-photon Rabi fre-and Ag is the normalization factor, respectively. The 2D
quency, respectively. The expressions for coupling coeffiGaussian beam) satisfy the 2D propagation equations for
cientsa,, by, andd, and the other parameters are given inEq(X,2) or F(x,z,0) in free spacgEqgs.(3) or (5) with the

Ref. [11].

right-hand sides equal zdrd-irst, we solved the system of

The second step, the “beating” of the prepared RamarEds. (2) by the four-order Runge-Kutta method. Once the
coherence with a fs probe pulse, occurs on the fs time scal&olution of Eq.(2) is obtained, the medium states.(, ppp,
In this regime, the paraxial approximation is valid. However,and p,p) are inserted into source ternisght-hand sidg of
since the duration of the probe pulse is comparable to th&ds.(3) and(5). To solve Eqs(3) and(5) we use the opera-
optical period, the SVEA is not applicable. The electric fieldtor splitting method21]. The advance of electric fields from
F(x,z,7) of the fs probe pulse should be expressed by theé transverse axis atzto a new axis az+ Az is carried out

exact Fourier integral as follows:

F(x,z,7)= %Jm F(x,z,w)e '"“dw. (4)

—o0

in two steps. In the first step, the diffraction acts alone and in
the second step, the nonlinearity acts alone. In the first step,
the obtained parabolic equation is solved by using a Crank-
Nicholson method22]. In the second step, the first-order

nonlinear differential equation is solved by the second-order

Performing similar procedures as in the above equation onBUnge-Kutta method. The algorithm is stable and is accurate

gets the wave equation for the probe pulse field

” +2ik i F
ﬁ | wE (X,Z,w)

2N7 w?

= 2 [(awpaa+ bwpbb)l:(x,z,(l))
Eoc

+ dw,wmp;bF(X,Z,w— om) tdypapF(X,2,0+ 0],
5

wherek = w/c; a,, b,,, andd,, are the coefficienta,, by,
andd, evaluated atr,= w. The structures of Eq$3) and(5)

(in both stepsto second order in step sizez. This forward
propagation continues until the electric-fielg(x,z, 7) and
F(x,z,w) exit the interaction mediumzE z.,;). Then, the
output spectral or temporal intensities can be obtained by
integrating the field intensity over the transverse coordinate

I(cu)0<f:|F(X,Zexn,w)|2dX- (7)

Note that, in the case of collinear propagation of waves
(in free space or hollow wave-guideis would be more ap-
propriate to use effective 2D modgl8D system with a cy-
lindrical symmetry than to use 1D or 2D models. The modi-
fication of the 2D model presented above to the effective 2D

are the same. The only difference is that the first one is use@°de! ig str?ightforward. For this, we simply need to change
for a discrete function and the second one is used for a cort—"» /9x“—(1/r)(dlar)(ralor) (r is the radial coordi-

tinuous function in the frequency domain. The set of EqsNa!® and use the corresponding Crank-Nicholson technique
(2), (3), and(5) are central equations of our model. As men-for cylindrical symmetr{22,23. We believe that the use of
tioned above, we shall consider the case of the probe pulsd effective 2D model will not give qualitatively different
with an energy many orders of magnitude less than the erffeCts as compared to the 2D model even in the case of
ergy of driving pulses. The influence of the probe pulse orfOllinear propagation of waves. The 3D calculations which
the medium state and on the Stark shifts and the two-phototfk€ into account the realistic symmetry of solid hydrogen is
Rabi frequency is negligible. Therefore, the density-matrix® difficult task and is exceeding our computation abilities.
elementsp,., ppy, @andp,p in Eq. (5) are determined only
by ns driving pulses and are obtained from the solution of
Egs.(2) and(3)in the first step. In the 1D and dispersionless
limits (a,,, b,,, andd,, are frequency independerhe wave In this section, we present the numerical results obtained
Eqg. (5) recovers the wave equation used in previous investifrom the solution of the system of Eq®), (3), and(5). The
gations[12,15]. parameters of the fundamental vibrational transition in solid
The procedure for solving the system of E(®, (3), and H, are [16-18: w,,=4149.7 cm?, T,=40 us, T,
(5) is as follows. We start with the fields of driving and probe =0.1 us, andN=2.6x 10?2 cm 3. We apply two driving

. NUMERICAL RESULTS AND DISCUSSIONS
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FIG. 2. The absolute value of the on-axis coherence prepared by w
two nanosecond pulses as a function of the two-photon detuhing
at different propagation distances: 50; 75; 100; and 128 (6 ‘ 175 um
=0).
pulses at 355 and 416 nm, both with the same 10 ns pulse ESS \NE\SA VAL VA
width, 200 MW/cnt peak intensity, 175um beam radius 3 2 -1 0 1 2 3 4 5 6 7 8
(2 mJ pulse energyand peak timer=0. This pumping re- Raman orders

gime (instead of 738 and 1064 nm as[ib5]) permits pro- FIG. 3. The spectrum of the femtosecond probe pulse at differ-

d.uction of a larger _Raman coherence at t.he same laser integht propagation distances@, 50 (b), 100(c), 150(d), and 175(e)
sity and therefore increases the conversion efficiency of th%m respectively. The tilt angle between driving pulsés

pulse shaping processg®4]. Due to shorter driving wave- _5 rad @=29 mrad).
lengths, we also have a better spatial separation of the gen-
erated SFPs from the driving pulses while still keeping thewith a maximum ab=0). With increasing, the coherence
tilt angle 6 small. We use the 800-nm, 10-fs probe pmse,Withdecreases and becomes an asymmetric functiod. dfhe
the peak intensity 200 MW/cf and the beam radius ayimum value of|p,| is larger than 0.1 and can be
60 um (0.2 nJ pulse energyo beat with the Raman coher- 4chieved over a wide range ofat the Raman detuning=
ence. The peak time of the probe pulgg=21.5 fsis cho-  _5q \MHz The spatial profile of coherend@ot shown
sen for the generation of symmetric triplet of SRBse Fig. here repeats well the profile of driving pulses.
5 and discussion belowThe coefficie_ntsaq, b,, andd, (I Next, we consider the “beating” of the fs probe pulse
=q,») are taken from the calculations for parahydrogenyith the prepared coherence. In Fig. 3, we present the spec-
[11]. We choose the Raman detuning=—50 MHz, at tym of the fs probe pulse at the different propagation dis-
which the conditions for the adiabatic coherence preparatiopynces 0, 50, 100, 150, and 175m. The tilt angle between
are satisfied and a large value|pf,;,] can be achievefil1]. driving pulsesd=5 mrad @=29 mrad). With increasing
We note that the key point for successful generation of SFPBropagation distance, the energy of the central component
is that the probe pulse should be directed along the WavE300 nmj is transferred to both the Stokes and anti-Stokes
vector of thei gerleraEed Raman coherence. In our paper, th&jes and the number of Raman sidebands gradually in-
wave-vectok,=Kky—K_, is calculated at the entrance of the creases. Az=100 um, the central component is almost de-
medium and determines the propagation direction of theyleted. At this optimum interaction length the spectrum rep-
probe pulse £ axis). Besides, to achieve the best conversionresents a quasicontinuous broadband which ranges from
efficiency, the Raman coherence should not be changed sub-2.4 um to ~240 nm. This regime corresponds to the
stantially across the probe pulse beam radius. This can bgeneration of the shortest subfemtosecond pulse in time do-
achieved by optimizing the ratio between the beam radius ofnain (see Fig. 5. For further increasing interaction length
the driving and probe pulses. In our calculations this ratio igshe laser energy continues to transfer to higher anti-Stokes
~3:1. Also, for the chosen values of laser intensities, theorders. At 175 um we observed that most of the laser power
Kerr effect is small and is neglected. concentrates on the fourth Raman sideb&#8.6 nm. This

We start our discussion with the coherence prepared byideband repeats very well the spectral shape of the probe
two ns pulses. In Fig. 2, we plot the absolute value of thepulse at the entrance of the medium. This regime can be used
on-axis Raman coherendp,p| as a function of the two- for wavelength conversion of the fs probe pulsee Fig. 6.
photon detunings at different propagation distancesThe  Within 200 wm interaction length, we observe a very well-
tilt angle between driving pulseg=0. The calculations preserved Gaussian beam profile for sidebands generated by
show that for the first few tens micrometers of the propagathe probe fs pulse. These sidebands are generated collinearly
tion distance the coherence is a symmetric functionsof and are not phase lockéskee Fig. 4. The regime, when most
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FIG. 4. The spatial profile of sidebands generated by the probe | M\ANUWV\N\N i i i

pulse at 100um. 10 20 30 ;0 50 60 70
S

of the laser power is converted into a single sideband can be FiG. 5. The temporal profile of the probe pulse at different
explained qualitatively in terms of phase matching. Thepropagation distances 0, 25, 50, 75, 100, and 128, respectively.
phase matching condition fgth Raman sideband propagat-

ing along the Wave-vectd?m is (see Appendix locity [15]). We have changed the tilt angheevery 2.5 mrad
to find an optimum regime for subfemtosecond pulse genera-
Ag+ kq=0, (8)  tion. The results show that fors99<5 mrad the peak in-
tensity and the duration of generated SFPs remain nearly
where unchanged. Fow=7.5 mrad the peak intensity gradually

0 0 decrease, however the pulse duration sharply increase
Aq=a(kn—ky)=a(1—cosd)(kok-1 /kp) 9 (~0.8 fs, single-cycle pulseTherefore, for generation and
. . . .- detection of the shortest subfemtosecond pulse the optimum
is the geometrical phase m|§match0 due to finite angle y ongie g is ~5 mrad. At this angle the spatial separation
(Aq=0 when 6=0); kn=ko—k_1; ky=ko—k_1=wn/C;  of the probe from the driving pulses 14 mm (after 0.5 m
and «q is the sum of molecular phase mismatch and thefree propagation We note that the temporal profile of the
mismatch due to prepared coherence. Equati8hand (9)  generated SFPs is sensitive to the peak time A gradual
indicate that the phase matching can be achieved for negatiygcrease ofr,, leads to a periodic changevith the period
Kq, finite angled, and “selected” Raman sidebargf. In T ) of the time profile from the symmetric triplet to a dou-
this regime the energy transfer ¢ sideband is most effi- plet of SFP415]. This behavior is determined by the depen-
cient. We have changed tilt angleevery 2.5 mrad and have dence of pulse compression on timing of the probe pulse
observed that whefi=15 mrad, the selective phase match-with respect to the molecular oscillation. We note that pulse
ing occurs for the fifth Raman sidebar@00.7 nm. This  timing is not an issue when the probe pulse is much longer
also indicates that as a function qf the phase mismatch  than the molecular period. In this regime we expect compres-
— Kq changes faster tha We have evaluated numerically sjon of a long pulse train, or conversion into a single high-
the total phase mismatct\(+«,) as a function ofg (at ¢  order Raman sideband, much in the same way as described
=5 mrad). This function changes the sigrom “minus”to  above. On the contrary, when the pulse length becomes com-
“plus”) around the fourth sideband and is in good agreemengarable to the molecular period, control of pulse timing be-
with our qualitative analysis. comes crucial for frequency conversion and pulse compres-
The broad and quasicontinuous Raman spectrum can kion. There are two known mechanisms for the pulse
used for subfemtosecond pulse generation. In Fig. 5, we plafompression. The first one is the generation of a broad
the temporal profile of the probe pulse at different propagafrequency-modulation spectrum with the temporal compres-
tion distances 0, 25, 50, 75, 100, and 123n. With increas-  sion by the GVD[8,11,25. The second one is the direct
ing interaction distance, the input Gaussian pulse graduallpulse compression by the molecular oscillatigd,15.
reshapes to a clear triplet of subcycle pulses separated Both mechanisms are included in our numerical model.
Raman period ,=27/w,=8 fs. The peak intensity of the However, the identification of these mechanisms requires
central pulse rapidly increases while its durations decreasaRorough analysis and is out of the scope of this paper.
with propagation distance. At 10@m [the broadest and We turn to discuss the selective phase-matching regime,
quasicontinuous spectrum in Fig(cB| the central pulse has when most of the laser power is converted to a single high-
the shortest pulse duratios0.3 fs and the highest peak order Raman sidebardituation of Fig. 8e)]. This situation
intensity (6.5 times higher as compared to the input pulse corresponds to the wavelength conversion of the fs probe
Besides, this central subfemtosecond pulse represents a halfilse from IR to UV region. Without additional processing,
cycle pulse. During the propagation one can observe a cleahis conversion is not perfect, i.e., the temporal profile of the
delay of pulse. For 125«m distance, the delay in local time output pulse is different from the input one. However, since
is 74¢=40 fs. This time delay is in very good agreementthe spectral shape of the phase-matched sideband is very
with our estimationrge=2z/v (v is the effective group ve- close to the shape of the input probe pulse, this distortion can
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12 ! ! ' ' ' ! FIG. 7. The energy conversion efficiencies of the pulse triplet
] (b) (upper curve and the central pulsdower curvé as a function of

1.04 N the propagation distanc&€5 mrad).

0.8 . input probe pulseof the pulse triplet and the central pulse of
> Fig. 5 against the propagation distance. As seen, for an inter-
% 0.6 4 action medium longer than 9@&m, the energy conversion
S ] efficiency of both the central pulse and the pulse triplet are
< 11fs | ; o
< 044 N arger than unity. This is a result of the energy transfer from

] the driving fields to the probe field via the beating process.

02 i The efficiency of the subfemtosecond pulse generdsdn-

' ation of Fig. 3c)] is 1.17. The efficiency of the wavelength

00’ conversion[situation of Fig. 8e)] before and after pulse

"85 60 65 70 75 80 85 %0 shaping is 1.7 apd 1.2, respecuyely. Qur calculations for the
probe pulse with the peak intensity one order lower
fs (20 MW/cn?) show results which are nearly identical to the

ones presented above.
FIG. 6. The temporal profile of the wavelength-converted pulse
before(a) and after(b) pulse shaping. The insé) shows the pro-

file of the input pulse. V. CONCLUSION

In conclusion, we have presented 2D numerical model for
be easily removed. For example, by cutting off small, redunthe interaction of a fs probe pulse with a Raman medium
dant frequency components in both sides of the phaseexcited by two ns laser pulses. Numerical results show that
matched Raman sideband we can get nearly perfect Gaussily optimizing the tilt angle between the two driving pulses
pulse with almost the same pulse width as the input pulseand the interaction length, the power of the probe pulse can
Figure 6 shows the temporal profiles of the wavelengthbe converted either into a quasicontinuous broadband spec-
converted pulse befor@) and after(b) this simple process- trum or into a single high-order sideband. The first regime
ing. For comparison the inset in Figi@ shows the profile of ~ can be used for generation of subfemtosecond pulses as short
input pulse. Our calculations show that, for the case as 0.3 fs. The second regime can be used for efficient fre-
=5 mrad and 175um interaction medium we can convert quency up conversion of a 10-fs probe pulse from 800 to 343
800 nm, 10 fs pulse to 343 nm, 11 fs pulse. When the nm. The use of solid hydrogen with high-molecular density
=15 mrad, with the same interaction medium we can conand small interaction length which allows a good overlap of
vert the same input to 300.7 nm, 11 fs pulse. We note that théilted laser beams is an essential point of our technique. The
integrated intensities in Figs(& and &b) do not go to zero  conditions and the setup for the experimental observation of
for each oscillation. This is due to small shifts of the timethe effects described in this paper could be similar to the
profiles at different positions of the beam radius. The fre-situation of our previous experimer{ts6—-1§.
quency up conversion has been investigated in R2627).

In these papers, the conversion is implemented on the first
anti-Stokes sideband. Our calculations predict the frequency
up conversion on a single high-order Raman sideband. A.V.S. wishes to thank David Walker, Deniz Yavuz, and

It is important to note that for both regimes, the subfem-Steve Harris for useful discussions. While at Stanford Uni-
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APPENDIX k) =ko—K_1=0m/C; kq=Nfiwg(@paa+bppp)/eoC+an;
é\nd Bq=NAwydpo/eqc. The phase mismatck, is the sum

To get insight into the selective phase-matching regim . . :
we approximately derive and solve the wave equation for th(—f"f molecular phase mismatdfirst term and the mismatch
glue to prepared coherengsecond term The system of

probe pulse in 1D, dispersionless and SVEA. We assume th led Eds(A3 b ved imatel ol
the probe pulse propagates along the wave vector of cohefoupP'€ gs(A3) can be solved approximately as follows.

- . L We assume that, fag<—1 andg=q* +1, all 7,=0. For
encek,, (axis z) and express the total electric field of the q=0,1, - -q* 2 the total phase mismatety,+ «, are large,
pulse as follows:

so that the derivative af, in the left-hand side of EA3)
1 E B can be neglected. Then we obtain
F(zt)=2= F.(z,t)expipgz— wqt)+c.c., (Al)

249 9 PiPaz= g Far1=—(Aq+ kq) FolBq— Fq_1- (A%)

whe_re8q=wp+ qwm; Pq=PoTdkn; w,, andp, are the Each field amplitude?:‘q .(q.= 1,2,--g*—1) can consecu-
carrier frequency and the wave vector of the probe pulsetively be expressed via initiaky (F_,=0).
respectively. For finite anglé, pqiz)q/c. This formalism is

not suitable for changing to local time, however, it enables us F1== (80 ko) Fo/Bo,
to factor out the geometrical phase mismatch terms explic- B
itly. The propagation equation for sideband fields reads o=~ (At k) F1/By— Fo,
dFq iINAwg ) °
Tz et [(@paatbppp)Fqtdpi,Fg-187'%a
) fq*,l:—(Aq*,2+Kq*,z)j:q*,leq*,z_fq*,3.
+dpaqu+1el Pa+1], (A2)

Forg=q*, the total phase mismatch is small and the deriva-
where ¢q= (Pq—Pg-1—®m/C)z. In deriving Eq.(A2) we tive of Fy in the left-hand side of EqA3) cannot be ne-
neglect the contributions 9°F,/dz®>, &°Fq/dt?>, and glected. In this case the solution faFy+ has a form
(1lc)dFq4/ot on the left-hand side. By assuming,, (Fg+1=0).
=pge' 7 one can get the equation fdf,=Fe'(*a* 72 as

follows: For =2iBgx Fx —18XH — 1 (Agx + kqx ) 2/2]
ﬂ]:q . . Sir{(Aq*‘FKq*)Z/Z]
E_'(A‘ﬁ Kq) FqtiBg(Far1t Fgq-1), (A3) X (Bt ) . (A5)

where A ,=q(kn—kp) is the geometrical phase mismatch The solution(A5) contains a standard phase-matching func-
due to finite angled (A,=0 when 6=0); kp,=ko—K_1; tion [ sin(x)/x] which leads to the conditiofB) in the text.
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