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Generation of subfemtosecond pulses by beating a femtosecond pulse with a Raman coherence
adiabatically prepared in solid hydrogen
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We show that the beating of a nanojoule femtosecond pulse with a Raman coherence adiabatically prepared
by a pair of millijoule nanosecond pulses in solid hydrogen leads to an efficient generation of a triplet, doublet,
or even singlet of subfemtosecond pulses. The energy conversion efficiency of the subfemtosecond pulse
generation can be larger than unity due to the transfer of energy from the driving pulses.
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[. INTRODUCTION addition, the experiment with a solid can be performed in the

vacuum to prevent the chirping of the generated subfemto-

The generation of subfemtosecond pulses is of great imsecond pulses. Unlike the suggestion of Kalosha and Herr-

portance for various applications in science and technologyn@nn[7], the use of nanosecond pumping for the narrow
[1]. Different methods have been proposed for the generatiofiPrational transitionQ, (0) in solid hydrogen allows us to

of single subfemtosecond pulses and \'aubfemtosecond-puIg’éepare a substantial coherence at low pump intensity, avoid-

trains. One of the promising methods is high harmonic gen'9 the counteraction of the Kerr effect and nonlinear disper-
) P 9 9 9€N5i0n. Furthermore, without the need for external phase com-

eration with an intense, few-cycle laser pulse in noble gasegensation, the probe pulse can be compressed to a triplet,
[2]. A disadvantage of this method is that it produces subyoyplet, or even singlet of pulses with a pulse length of 0.5

femtosecond pulses with an energy many orders of magnks, The energy conversion efficiency of this generation pro-
tude lower than that of the pump pulse. Another interestingcess can be larger than unity due to the transfer of energy
method is the use of high-order stimulated Raman scatterinfyjom the driving fields to the probe.

(SRS [3-7]. Yoshikawaet al. suggested the use of phase-

locked Raman lines for short-pulse generafih Harris and Il. MODEL AND ANALYSIS

Sokolov proposed the use of cw two-color laser bed4is We consider the propagation of a pair of nanosecond
Nazarkinet al. suggested the use of an impulsive excitationyises, with carrier frequencies, andw_ 4, and a femtosec-
technique[5]. Kalosha and Herrmann proposed the use Ognd pulse, with carrier frequenay; , through a Raman me-
subpicosecond pumping followed by external phase compentium along thez direction, see Fig. 1. The timing and align-
sation[7]. The most important advantage of the SRS techment of these pulses are such that they substantially overlap
nigues is that the energy conversion efficiency is quite higlwith each other during the interaction process. The nanosec-
(near-complete conversion can be achigv@ddisadvantage ond pulses are tuned close to the Raman transitan

is that they lead to trains of many pulses. In addition, the—|b), but far detuned from the upper electronic states of the
impulsive and short-pulse excitation methdds7] require  molecules. These pulses generate a set of equidistant Raman
strong pump intensity, for which the Kerr effect and its coun-sidebands collinearly propagating with complex envelopes
teraction on pulse compression are substantial. The shorteSt, and carrier frequencies = wo+ d(wpa— 8) = wo+ o
length of the pulses generated by these methods is 3 fs, [B8,10]. The two-photon detuning is the difference between
external phase compensation is not applied. the Raman frequency,,= w,— w5 and the modulation fre-

In this paper we propose a different SRS technique for the
subfemtosecond pulse generation: a femtosecond probe pulse \
beats with a Raman coherence adiabatically prepared by two
nanosecond driving pulses in solid hydrogen. This technique
combines the advantage of the cw two-color laser pumping 1| N b
[4] in producing large coherences and trains of short pulses i B
and the advantage of the short-pulse excitafignin reduc-
ing the number of pulses per train. It also utilizes the advan- \
tage of solid hydrogen as a Raman medium with high num-
ber density, short medium length, small dephasing rate, large
coherence length, and negligible phase misma&#g]. In

®_1 (O

—L

: A~ [ Raman medium| ™M
fs pulse sub-fs pulse

_ _ _ ~ FIG. 1. Principle of the technique: Two nanosecond pulses drive
*Permanent address: Department of Physics, University of Hanog Raman transition of molecules in a far-off-resonance medium.

Hanoi, Vietnam. The beating of a femtosecond probe pulse with the Raman coher-
"Permanent address: Institute for Nuclear Sciences and Teclence produces a triplet, doublet, or even singlet of subfemtosecond
niques, Hanoi, Vietnam. pulses.
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guencyw,= wg— w_41. We use the local time=t—z/cand and
work with the density matrix elemenm=pg§), pb=pf)%),
andp=pJe '*n”, wherep'® is the medium density matrix

in the Schrdinger picture. We distinguish two step&)  \here
when the femtosecond pulse is outside the medium(@nd

when the femtosecond pulse is inside the medium. In the first tan 26=2[Qap|/(5+ Q5= Qp) ©)
step, because only the nanosecond pulses interact with the

medium, the slowly varying envelope approximation is validand ¢ is the phase ofl,,. For negligible dispersion and

p=€'¥sin g cosd, (8)

and, therefore, the envelopEg are governed by4,6] limited modulation bandwidth, we have
IEq . ¢=¢(0)—«z, (10)
oy i(Nfiwgl/€gC)[(agpat bgpp)Eqtdq-1p"Eq-1
where
T 0opEqral @ k=Nhw,ule,C (12
Here N is the number of molecules per volume, and by, with
are the dispersion constants, adgl are the coupling con-
sta_lnts. I_n this step_, the molecular coherepand the popu- u=asp.+bipp. (12)
lation differencew=p,—p, are governed by the equations
[4,6] Then, the polarization reads
[(9137)+(1ITy) =i6p]=i(Qq=Qp)p+i1QapW, P=2NAE[u+2d;pySiNwy,m—kz+ $)]. (13

(oWl aT)+(W+1)/T1=2i(Qsp— Qapp™). (2)  Herepg=|sinfcosé and ¢p= ¢(0)+ (7/2)sgn().
For the treatment of the second step, we neglect the
Here Q,==qag|Eq4|%/2 and Q== by |E,|%/2 are the Stark  changes ofg in space and time. In this case, the quantities
shifts, QabzzqquqESH/Z is the two-photon Rabi fre- pg, U, andx are constants. Hence, the solution of E).is
guency, andT, and T, are the coherence and population [7]
decay times.

In the second step, the femtosecond probe pulse beats E(z,7)=Ein(s)G, (14)
with the Raman coherence prepared by the nanosecond driv- . . . . . .
ing pulses. The medium state does not change substantially’ ereE;, is the input f_|eId az=0, the input timesis deter-
during this step. In the paraxial approximation, the wave ined from the equation

equation for the probe fielt is tar] (wps+ ¢)/2] = e~ “2tan wy,7/2), (15)
(9E/92) = —(1/2€0C) (9P 7). (3 and the amplitude enhancement fad®is
Here the polarizatiorP is separated into the contributions SiN( @S+ &) 1
from the Raman proced3y, the linear dispersio®y, and G= _m = )
the electronic Kerr effecP, . The Raman polarization is SiNwm7 0% 0oL wmn+e*“2 Sir? On7
A . 2 2

Pr=2N#iE(atpa+bipp+dip*e ' “m"+dipe'“m?). (4) (16)

The contribution from the linear dispersion is Here we have introduced the retarded time
Pp=P_ —2N#Aa;E, (5) n=17—2lv+ ¢lwy, 17

where the Fourier component of the linear polarization is the effective coupling parameter
PL(z,0)=€ox(w)E(z,w)=2N%ka, E(z,w). (6) a=2Nhioydipo/ €C, (18

Here a,, is the dispersion coefficiers, evaluated atw, and the effective group velocity

=w [4,6]. The polarization produced by the Kerr effect is

PK:EOX(g)EB(t)- U:wm/K. (19)
We extend the analytical treatment [3f] to get insight

into our technique, neglecting dispersion, relaxation, and the

Kerr effect. According td4,6], when the two-photon detun- W= lim Ar/As=d7/ds (20)

ing 6 and the decay time$§; andT, are large, the medium As—0

follows an adiabatic eigenstate with

We find that the width compression factor

is equal to the inverse of the amplitude enhancement factor
pa=C0S6H, pp=sirfe, 7 G
051803-2
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W=1/G. (22) T T

This property leads to the relation

f "E(z,7)dr= f TEq(s)ds, 22

T

which indicates the conservation of the pulse area.
We introduce the notation

Spectral intensity [arb. units]

b JAVE 1 L L 1 b 1 1
,=[(2v+1)m+KkZ— p]lwp. (23) 3 2 1 0 1 2 3 4 5 6

Raman sidebands

For = 7,,, wheren is integer, we have cosf,7/2)=0 lead-

H 5 T L LA LA AL B A
Ing to : A ®)
G=1W=e**>1, (24) 4rs ] g
[ 2 Input pulse ]
This value indicates a pulse compression in the vicinity of 3 3“/\ ]
7o, With the compression factdr=e** [7]. For 7= 1,_1/5, E o BT e |06
we have sing,7/2)=0 leading to 2r ]

G=1W=e “<1. (25)

This value indicates a pulse stretch in the vicinitymf 1/,.
Compression and stretch, occurring sequentially,and
Tn_1/2, l€ad to the formation of a train of short pulses with

repetition periodT,,=2m/w,, (the Raman perigqd pulse
length T,,,/T", and maximal frequency and maximal ampli-
tude growing withl". Note thatr,, andr,_1,, grow withz In
the vicinity of 7, or 7,_1,», the input times is related to the
local time 7 as s=s,+I[(7—7,) or s=s, 1pt(7
—7,_12/T, respectively, wheres,=[(2v+1)7— ¢ ]/ wy,.
When the durationT of E;,(t) is comparable to or smaller
than T,,, the structure of the train depends on the relative oletein ) i
position of the input-field peak timig with respect tcs,, and 35 40 45 50 55 80 65
sn_12.- Namely, ifty is in the vicinity of a times,, (compres- T [fs]
sion timg or s,_y, (stretch tim, _the train_ may ha\_/e_ a  meG. 2 (a8 Spectrum of the probe fieldb) and (c) Temporal
single pulse or two pulses, respectively. Such a sensitivity If)rofile of the probe field foty=21 and 25 fs. The parameters are
weak whenT is much larger thafTr,. T=10 fs, 1,=200 MW/cn?, andz=125 um. The inset in(b)
With the help of the formula sink(coshx—cost)=1  shows the envelope of the input probe pulse. The normalization is
+22;°=1e_”xcosnt for x>0, we can expand the amplitude the peak intensity of the input probe pulse.
enhancement factds into a Fourier series as

Normalized intensity
(9

vibrational transitionQ4(0) in solid hydrogen[8,9]: wp,
- N =4149.7 cm?!, T,=40 us, T,=0.1 us, and N=2.6
G:1+2n§=:1 (—D)"tanff(az/2)codnwny).  (26) % 10?2 cm 3. We apply the driving pulses at 738 and 1064
nm, both with the same pulse width 10 ns, the same peak

The intensity of thenth line in the spectrum of the fact@  intensity 200 MW/cmd (4 mJ for the beam size of

is proportional to tanfi(az/2). Therefore, it decreases with 500 xm), and the same peak time=0. We use the 800-nm
increasingn and grows withz. This explains the generation probe pulse to beat with the Raman coherence. The constants
of Raman lines during the propagation. When the input pulsé , b, andd, (I=q,f,w) are taken from the calculations for
width T is comparable to or smaller tha,, the spectrum of ~Pparahydroger{6]. We usex®)=7.94x 10—_23 (m/V)?, de-
E,.(S) with respect to the retarded timgalso contains new ducted from the value for vapdi7], and find that the Kerr

lines, and hence substantially affects the spectrurl. of effect is negligible in our case. We choose the Raman detun-
ing 6= —50 MHz, at which the conditions for the adiabatic

coherence preparation are satisfied and a large valyg| of
can be achievefb].

The above analytical treatment does not include group In Fig. 2(a) we plot the spectrum of the probe field at
velocity dispersion, which may also contribute to pulse com-=125 um for the case where the input pulse widthTs
pression[4]. A more rigorous treatment requires numerical =10 fs and the input peak intensitylig=200 MW/cn? (2
calculations. We solve Eqél)—(3) for the parameters of the nJ for the beam size of 30@&m). The spectrum contains
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FIG. 3. Energy conversion efficiencies of the pulse trigsetid FIG. 4. Single subfemtosecond pulse produced by the beating of

line) and the central puls&ashed lingas functions of the propa- a 5-fs probe pulse with the Raman coherence. The input peak in-

gation distance. All other parameters are the same as for fiy. 2 tensity islo=1 GWi/cn?. All other parameters are the same as for
Fig. 2(b).

two Stokes lines and four anti-Stoke lines ranging from

2.38 um to 343 nm. We observe that most of the energy ofefficiency is larger than unity, see the inset. The shape of the

the central line(800 nm) is converted to its sidebands. The pulse is sensitive tty,, with repetition periodl,,. The value

sidebands repeat very well the spectral shape of the inpuy=21 fs has been chosen to give the best single subfemto-

probe pulse, which is quasicontinuous because the inpwecond pulse.

pulse length is short. The spectral intensity is not sensitive to

the inp.ut—field peak timeo. ' IV. CONCLUSIONS
In Figs. 2b) and Zc) we plot the temporal profile of the
probe field forty=21 and 25 fs, respectively. All other pa- In summary, we have described a different technique for

rameters are the same as for Figa)2As seen, the shape of subfemtosecond pulse generation. This technique utilizes the
the pulse is sensitive tt, (with repetition periodT,,), in beating of a femtosecond probe pulse with a Raman coher-
agreement with the analytical results. The temporal profileence adiabatically prepared by two nanosecond driving
consists of a triplet, see Fig(l®, or a doublet, see Fig(®, pulses in solid hydrogen. The numerical calculations show
of pulses separated by the Raman pefigd-8 fs. The cen- that the technique allows us to produce a triplet, doublet, or
tral pulse in Fig. 2b) is compressed by a factor of 20 to 0.5 even singlet of strongly compressed pulses with a high-
fs in pulse width, contains a half cycle at the wavelength 52%nergy conversion efficiency. To observe the generated sub-
nm, and has its peak intensity increased by a factor of 4.5.femtosecond pulses, we should find a way to separate the

In Fig. 3 we plot the energy conversion efficiencies of theoutput of the probe from the pump pulses. This can be done
pulse triplet and the central pulse of Figlb® against the by aligning the pump pulses with a small angle and directing
propagation distance. As seen, the energy conversion effihe input probe pulse along the difference of the pump-field
ciency of the pulse triplet is larger than unity. This is a resultwave vectors. The high number density of solid hydrogen
of the transfer of energy from the driving fields to the probeallows us to use short medium lengths so that the phase
field via the beating process. The energy conversion effimismatch due to the off-axis pumping is negligible. This
ciency of the central pulse is larger than 50%, quite high asssue will be discussed elsewhée].
compared to the results of the other techniques. The maxi-
mum values of the efficiencies are reached at an optimal[1] P. Salieeset al, Adv. At., Mol., Opt. Phys41, 83(1999; T.
lengthz~125 um, and are 118% for the pulse triplet, and Brabec and F. Krausz, Rev. Mod. Phy2, 545(2000.
80% for the central pulse. These maximum efficiencies as[2] P.B. Corkumet al, Opt. Lett. 19, 1870 (1994; P. Antoine
well as the general behavior of the pulse triplet do not de- et al. Phys. Rev. Lett77, 1234(1996); K.J. Schafer and K.C.
pend on the intensity of the input probe pulse. When the  Kulander,ibid. 78, 638(1997.
energy of the input probe pulse is 2 nJ, as used in our calcu{3] S. Yoshikawa and T. Imasaka, Opt. Comma@s, 94 (1993.
lations, the energies of the pulse triplet and the central pulsg4] S.E. Harris and A.V. Sokolov, Phys. Rev. LeRl, 2894
are in the range of 1.6—2.4 nJ, very promising for detection  (1998.
and application. [5] A. Nazarkinet al. Phys. Rev. Lett83, 2560(1999.

In the above calculations we used the probe pulse with[6] Fam Le Kienet al, Phys. Rev. 260, 1562(1999.
energy of 2 nJ and width of 10 fs because such lasers arg7] V.P. Kalosha and J. Herrmann, Phys. Rev. L&, 1226
commercially available. The use of a shorter probe pulse (2000.
may allow us to produce a doublet or even singlet of sub-[8] K. Hakutaet al, Phys. Rev. Lett79, 209 (199%; J.Q. Liang
femtosecond pulses dependingtgnin Fig. 4 we illustrate a et al, ibid. 85, 2474(2000.
single subfemtosecond pulse produced by the beating of 49] J.Z. Li et al, Phys. Rev. A58, R58 (1998; J. Z. Li et al.
5-fs probe pulse with the Raman coherence. The pulse width  (unpublished
is compressed by a factor of 10 to 0.5 fs and the peak inter{10] A.V. Sokolov et al, Phys. Rev. Lett85, 562 (2000.
sity is increased by a factor of 3.8. The energy conversiori1l] Nguyen Hong Shomet al. (unpublishegl
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