Sub-5-fs pulse generation
by noncollinear optical parametric amplification and
its application to the study of geometrical relaxation
in polydiacetylenes
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Photograph I. Far-field pattern of the type-I optical paramerric
fluorescence generated from a ~-BaB 2 04 crystal pumped at 395
nm. The crystal angles are at (a) e 31.1 °, (b) B:: 3 1.5°, and (c)
33.3°, respectively.
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Photograph ll. Noncollinear optical paramerric amplification for
B = 3 1.5°. The signal is amplified on the dispersion-minimized
fluorescence cone surface with the noncollinear angle a= 3.7".
T he idler emission is clearly observed by the visib le second
harmonics. The fan-s haped structure with a large spectral angular
dispersion is well exhibiting the signal-idler group-velocitymatched interaction.
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I. Introduction

ultraviolet (UV), visible, and infrared (IR) regions [3,4,5,6,7]. Hyper-continuum

1. Introduction

generation based on a chann eled propagation generates broadest spectrum from the
UV to near-TR (NIR) regions simultaneously [8). High-harmonic generation in noble
In the forthcoming 21-st century, orders of magnitude hi gher-den si ty , higherspeed communication is expected to be required than the cun·ent sys tem based on
semiconductor electronics. Li ght with the advantageous properties such as th e hi gh
speed, high frequency, and parallel-processing capability is the most possible
candidate and all-optical transmissions, computings, and intetiaces hav e been
progressively explored in these two decades. Of quite importance is to realize an
"optical transistor" and "optical switch", which encourages the recent investigations of
materials with large optical nonlinearities and fast responses. For the widest and
flexible applications it is quite important to understand the basic phy ical and chemi cal
properties underlying in the ultrafast optical response. There are various processes of
which the primary steps take place on femtosecond tim e scales. They are relaxa ti on in
condensed phase, photochemical reactions, energy-tra nsfer processes in photosynthetic

gases extends tbe wavelength to a few-nm region , which is well within the "waterwindow" [9] . The pulse generation with a high peak power is also to be menrioned and
currently as hi gh as a 100-TW peak power is obtained from a table-top system [10].
The hi ghest reliability and easy handling capability of femtosecond solid-state lasers
have spread fem tosecond science over versatile fields.
One of the most progressive investigations performed in the last two decades is
the generation of th e shortest opti cal pulses. The history of pulse shortening from the
era when dye lasers were dominant is shown in Fig. 1.1. Since the appearance of a
Ti:sapphiJe laser, the bandwidth broadening of the solitary-like regime [11] realized
the pul e generation with a Jes than 10-fs duration directly from an oscilla tor. For this
purpose th e constant group-delay dispersion (G OD) over the wide range of th e gaiJl
spectral range has been pursued: the oscillator based on a prism pair produced shortest

pigments, etc .. Especially a "real-time" observation of molecular vibration or phase

--

relaxation in condensed phase requires extremely short optical pulses wi.th less than

10-fs durations. Furthermore, a tuning ability across the wide optical spectra l range is

Dye

also strongly demanded for the investigations of the ultrafast relaxation mechanism in

Ti:sapphire

various materia ls with efficient excitation of electronic tran sitions.

100
In the decade of 1990's significant advances of femtoseco nd li ght so urces have

oscillator
-~
···················
-· · · · · · · · ·- R
-·-·-·amplifier
· ·· · · · · · ··-··
oscillator
w

been experienced. Th is is mainly owi ng to the development of new sol id-state laser
materials with a broad gain bandwidth and mode-locki ng capabi lity. Especiall y the

10

w
8l

appearan ce of a Kerr-lens mode-locked Ti: sapphire laser [!) and the successive

Ill

deve lopment of the amp lification system based on a chirped-pu lse amplifi cation
technique [2] were the most epoch-maki ng events. T hose solid-sta te lasers have

m Con tinu um/Compressio n
1~~~~~~~~~~~~~

provided the following progress of versati le femtosecond li ght sources . For th e
extension o( the spectral ran ge of femtosecond pu lses, optical parametric co nv ersion

1980

1985

1990

1995

2000

Year

has become a promisi ng tool , which have succeeded in the tunab le generation over the

Fig. I. I. Evolution of the pu lse duration a· a function of year from 1980.
The shortest pu lse durations of dye- laser oscillators, Ti:sapphirc oscillators,
and amplifiers in each year are shown.
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1. Introduction

pulses up to 8.5 fs [1 2], whereas the chirped-mirror tech nology which was also

compression have made the success to generate such short pulses, the applicability to a

progressed in this decade enabled a 7.5-fs pulse generation [13]. With the

time-reso lved spectroscopy is limited. The wavelength is mainly fixed to the NIR

combination of chirped mirrors and a semiconductor saturable absorber minor, the

region or, even to partial regions in the UV by the harmonic generation. Because most

shortest pulses from an oscillator was achieved with the shortest 6.5-fs duration in

of intere ting materials have various electronic transition energies over the wide

1997 [14]. The gain bandwidth broader than 200 THz of a Ti:sapphire crystal indicates

visible range, extremely short pulses covering the visible spectral region with the

the further pulse shortening less than 4 fs. However, the recent calculation considering

tuning ability is highly required for the investigation of such physical systems.

markedly

the space-time focusing in the crystal suggested the practical limit is about 6 fs (15] .

In this thesis a novel method of ultrashort pulse generation is proposed and

While a dye laser can generate pulses with as short as a 30-fs duration [16] , the

experimentally investigated . Noncollinear optical parametric amplification (NOPA)

following fiber-compression stage realized the further pulse shortening [ 17]. Injection

provides an order of magnitude broader parametric gain bandwidth than that in a

of -100 fs pulses to an optical fiber causes self-phase modulation and with the

collinear geometry, and with the combination of a pulse-front matching and angular-

combination of the disper ion the spectrum is broadened an order of magnitude with

dispersion compensation geometries sub-10-fs pulses can be obtained in a wide tuning

the linear frequency chirp accompanied (continuum-generation stage). The following

range both in the visible and NIR. This is the first light source which generates tunable

chirp compensation by negative GDD elements reduces the pulse duration several

sub- 10-fs pul es. The shortest duration of 4.7 fs was achieved in the visible range with

tenths as short as that of the input pulse (compression stage). In 1987 Fork et al.

a 5-j..LJ pulse energy. This is the first sub-5-fs source by other methods than the

successfully generated 6-fs pulses using a single-mode fiber and a grating-prism pulse

continuum-compression scheme. This NOPA is believed to be the most nseful light

compressor in a dye-amplifier system [18]. It had remained to be a record of the

sow-ce for ultrafast spectroscopy with the highe t time reso lution , and to lead us to a

shortest pulse width for as long as 10 years.

new regime in ultrafast science.

In 1990s this "traditional" continuum-compression method has also been applied
to Ti: sapphi.re systems and further investigated. In 1997 the 6-fs record was at last

Outline of this thesis

overcome by the two successive reports using basically the same method and the . ub5-fs regime was opened up for the first time. Baltuska and his coworkers obtained

The outline of the rest of this thes is is as follows. In Chapter 2 the basic principle

high-repetition-rate 4.6-fs pulses with an about LO-nJ pulse energy based on a cavity-

of NOPA is explained and demonstrated in an OPA based on a ~-BaB 2 0 4 crystal. The

dumped Ti: sapphire oscillator [19] and a single-mode fiber [20,2 1]. fn the case of the

noncol.linear geometry can realize a group- elocity matching between the signal and

single-mode fiber there is a fundamental prob lem of the restricted operation at a

idl er, which is equivalent to an achromatic pha e matching with the spectral angular

relatively low pulse energy. This was solved by Nisoli et al. by use of a hollow fiber

dispersion, and the broadest gain bandwidth is attained. It is shown tha t a pulse-front

filled with nob le gases such as Ar and Xe [22]. 20-fs pulses from a Ti:sapphire
amplifier was then continuum-compressed down to 4.5 fs wiU1 the pu lse energy of
several 10 j.LJ [23,24] and 5.1 fs with a 500-j..LJ energy [25] at 1 kHz, wi th the peak

tilting intrinsic for a nonco llinear interaction limits the pulse-width shortening. fn
Chapter 3 a pulse-front-matching geometry is introduced and the transfonn-limited
sub-LO-fs pu l e generation is demonstrated with the tunability between 550 and 700
nm . The angu lar-dispersion compensation of th e idler reali zes sub-10-fs pulses also in

power of as high as 0.1 TW.
Even though both method s of a broadband Ti:sapphire laser and a continuum

- 8-

th e NfR. The shortest 4.7-fs visible pulses are achieved by a pulse compressor
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2 I Introduction

composed of a prism pair and customized chirped mirrors with the bandwidth of

2. Broadband Optical Parametric Amplification by

broader than 200 THz. Also remarked are the future prospects of this NOPA.
In Chapter 4 a spectroscopic application of the sub-5-fs NOPA to a pump-probe

Noncollinear Phase Matching

experiment of a polydiacetylene (PDA) film is presented. The long-living hi ghfrequency wavepacket motion of C=C (23fs) and C=C (l6fs) stretching along the
backbone characterizes the coherent relaxation from free excitons (FEs) to self-trapped
(geometrically-relaxed) states via self-trapped excitons and internal conversion within

2.1. Introduction

80 fs. The wavepacket motion in a elf-trapped state is transfen·ed coherently from a
FE, which indicates the coherent motions of the C=C and C=C stretching act as the
driving force of the geometrical relaxation to a localized butatriene-like structure. The

2.1.1. Tunable Femtosecond Light Source Targeting a 10-fs Regime
Because the spectral range covered by the gain spectra of laser media applicable to

diabatic coupling of the stretching modes with the planar bending mode of C-C=C is

femtosecond operation is only a limited part of the whole optical frequency range, the

characterized by the mode-frequency modulation at -230 cm-1• Such dynamical

wavelength conversion of the laser output has been one of the most important subjects

molecular motions are observed for the first time, which clearly reflects the advantages

in ultrafa t science. Numerous studies have been reported using various methods such

oftheNOPA.

as dye amplification, harmonic generation , and optical parametric conversion.

Finally Chapter 5 summarizes this thesis. In Appendix A several formulas about

Femtosecond dye lasers and amplifiers were extensively investigated in 1980s.

pulse-front tilting are described using analytical expressions. Appendix B contributes

Because the family of versatile organic dyes can cover the visible spectral range it

to the technical details of ray-tracing calculations developed for the design of pulse

seems possible

compressors, and the problem of geometrical smearing non-negligible in a 5-fs regime

However, becau e of the lack of the saturable absorber suitable for a given gain dye, it

is discussed in Appendix C.

has been difficult to obtain tunable pulses directly form lasers. Thus the continuum

to

obtain femtosecond pulses at any wavelength in the visible [26).

generation followed by amplification was used exclusively and the wavelengths were
extended to blue-green and 800-nm regions from a standard colliding-pulse modelocked (CPM) dye-laser system operated around 620 nm. In this way -20-fs pulses
were generated [27] which duration is determined by the gain bandwidths of dyes. For
the further shortening a successive continuum compression was pioneered and the
noteworthy 9- and 10-fs pul ·e generations were achieved at 800 nm in 1989 [28] and
at 500 nm in 1991 [29] , respectively. However, its shortcomings such as complicated
apparaius, mai.ntenancc problem due to easy chemica l degradation , and low stability
induced by the mechanical fluctuation of dye jets have strongly imposed us to do a
complete abo ut-face for further progresses.
The simplest method of the wavelength conversion is the harmonic generarion of a

- 10 -
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2 1 Introduction

laser output. Recent efforts have exhibited the novel generations of ul trashort pulses

bandwidth of the phase-matching condition. The phase-matching and energy

around 400 and 270-nm regions, respectively by the second-harmon ic generatio n

conservation conditions are given by

(S HO) and third-harmonic generation (THO) of a Ti:sapph ire system . Around 400 nm

k ,= k , + k .,

(2.1)

W, =W, +W,,

(2.2)

pulses with as short as 10-fs durations have been generated by th e direct SHO of a 10fs oscill ator [30) and the hollow-fiber-compression techniq ue [31). T his tech nique was

~

are the wavevector and angular frequency with the suffixes j = p, s,

applied to the THO and sub-20-fs UV pu lses were obtai ned [32). The much higher

where ki and

harmonic generations have also been investigated [9,33,34) and a 27-fs pul se

and i conesponcling to the pump, signal, and idler, respectively. Approximating the

generation at the 7th harmonic was marked [35]. However, because of its discrete

plane-wave interaction and neglecting the pump depletion and spectral width, the well-

spectrum and limitatio n to the UV region, further extension of the nming range is

known parametric gain G is given by [43,44]

(n .

always desired for spectroscopic appLicatio ns.

G=

'

2. 1.2. Femtosecond O PAs
Recently

optical

parametric

oscillation

(OPO)

and

optical

sinh(g!JJ'
l

g'

+1

'
(2.3)
E of411J1 0C

parametric

r

J '

amplification (OPA) have beco me popu lar methods for tunab le femtosecond pu lse

where

generation, especiall y after the appearance of fem tosecond Ti:sapphire lasers [3,4,5,6].

nonlinear optical crystal, c is the vacuum light velocity, £o is the vacuum dielectric

The high power and excellent stability of a Ti :sapphire system make the opti cal

constant, <1> is the pump intensity, I, is the crystal length, and ni is the refractive index

parametric co nversion as the most promis ing meth od to obtain tu nable ultras hort

of Lhe corresponding wave. The phase mismatch Ilk along the pump direction is

pu lses. The progress of the growth of nonlinear optical crystals with large nonlinear

written in a general expression as

coefficients and dam age thresholds in 1980s also bases the versatile app li cations in

M

is the coupling constant, d, rr is the effective nonlinear coefficient of the

= k,-k, cosa-k,cos/3,

(2.4)

this decade [36].
From -1994 an OPA pumped by a Ti:sapphire amplifi er has show n an innovati on
for ultrashort pu lses tun able ou tside the 800-nm reg ion with a J.1] pul se e nergy. An
OPA pumped at - 800 nm (fundamental of T i:sapphire) generates the near-in frared
(NIR) pu lses in the range between 1 and 4 J..Lm , whereas that pumped at -400 nm (SH
of T i:sapphire) can cover the shorter visib le-NIR optica l regio n between 45 0 nm and
3.5 J.Un [4,5,6,37,38,39,40,4 1,42) T he fo ll owin g harm oni c generation, sum-frequ ency
generation (SFO), and d ifference-frequ ency generati on (DFO ) o f the s igna l and id ler
can be used to cover the ran ge from 200 nm to 12 J..Lm , almos t th e who le opti ca l
frequency region [4,5,6].
However, the shortenin g of the output pu lse fro m an OPA faces a problem o r th e

~~!gnal
~k·.·.·. _·-:;;~P-------kv-----p-urlp
1

··--... .. ~

Vi
Fig. 2. 1. Geometrica l configuration of the wavevectors in <Ul OPA. T he
wavevectors of the pump (k 1, ), signal (k,), and idler (k 1) are shown in the
gai n crystal. T he a and f3 are int ern al nonco ll inear angles. The group
velocit ies of the pu mp (u"), igna l (u,), and id ler (u,) are also shown by
das hed li nes.
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a and f3 are the noncollinear angles which the wavevectors of the signal and

successively. Fournier et al. have used the cascading process of the SHG of a signal

idler make witJ1 that of the pump, respectively. Figure 2.1 illustrates the arrangement

and the self-compression to 20-fs signal pulses is obtained [46]. Nisoli et al.

of the general noncollinear configuration.

demonstrated the shortest 14.5-fs signal pulse generation around 1.5 ~m by use of an

where

In the typical collinear geometry (a=

f3 =

0) the expression is simplified . By

ultrashort J 8-fs pump source from a Ti:sappbire amplifier followed by a hollow-fiber

Taylor expansion in powers of the angular frequencies around the central frequencies

compressor [47]. Both methods seem to be difficult and too sensitive to the pump

m,0 and

CU, 0 , Misgiven by

energy because the third-order effects take an essential role for the characteristic pulse

(a'

a'k.' ) (t..m) , + ...
t..k=- ( -1 - -1 ) t..m --' -k' +
u, u,
' 2 aw, Bm,'
'
'
where Lim,

=m, -

1

m,0 and Lim,

=m, -

propagat.ion in l11eir schemes. Simpler and more robust methods are trongly desired
(2.5)

W.o and we use Lim, = -Lim, under the

monochromatic pump appro>Umation. u = ( dkJ
J

awl

J_, is

the group velocity of a j -th

for the shorter pulse generation.

2.1.3. Recent Advances of Noncoj]jnearly Phase-matched Optical Parametric
Conversion

component at the central frequency. If we assume the first-order variation, the

The idea of a noncollinear phase matching (NCPM) is not new for the broadband

parametric bandwidth defined as the FWHM of the gain spectrum G(w,) is given by

amplification. Takeuchi et al. reported a broadband generation of id ler pulses by

[44)

focusing a white-light continuum with a large convergence angle into the cry tal to be
0.53

_!_- _1_1

Ivll

phase-matched noncollinearly among the wide range of the continuum [48]. The

[f
c ~~:·

(2.6)

Vi

bandwidth was increased to as broad as 1300 cm· 1 in the NJR. They used the
noncollinearly generated signal and idler just around the pump a>Us. In the present

This expression well explains that the group-velocity mismatch (GYM) between th e

work an NCPM is investigated wh ich l11e signal and idler are arranged with larger

signal and idler in the nonlin ear optical crystal determines the bandwidth of an OPA.

noncollinear angles as shown in Fig. 2. 1.

The GYM is an intrinsic effect for the ultrashort pulse interaction and determines the

The NCPM has characteristic advantage. over the collinear phase matching,

parametric bandwidth around 200-500 cm· 1 in standard OPAs [44]. The previously

whi ch is dominant in the OPAs reported in literatures. In an OPO, the NCPM is often

reported femtosecond OPAs with the collinear geometry have suffered from this

adopted

problem and the shortest pulse durations have been limited to -40 fs in the visible [40]

increases the gain [3,49,50,5 1,52,53]. A temporal walk-off caused by the GYM can

and to -30 fs in the N1R [6,41].

to

compensate the spatial walk-off of l11e extraordinary ray in the crystal and

al.so be improved by the NCPM [54,55 ,56]. Trapani et al. demonstrated an NCPM in

The broadening of the parametric bandwidth is an essential factor to obtain a

an OPA (or satisfying the group-velocity matching between th e pump pul e and signal

tunable sub-10-fs light source. Sosnowski et al. demo nstrated a spec tral broadening of

or idle r pulse in a P-BaBPJ (BBO) crys tal to obtain a higher conversion efficiency

1

the signal to about 800 cm· in the visible region by a multi-stage amplification in

with the lon ger interaction length than in the case of a collinear OPA [54,55,56].

which different spectral regions are amplified at each stage with slighlly d ifferen t

It is in these few years that th e NCPM is recognized as a method to attain the

crystal angles [45]. However, this method has shortco mings such as th e rather

broadest parametric bandwidth by the signal-idl er group-velocity matching. The first

comp licated arrangement. Very recently novel N IR OPAs have been repon ed

report of thi s type of an NCPM was made by Gale and his coworkers in 1995 [50] ,

- 14-
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2? Noncollinear Optical Parametric Amplification CNOPAl

wbo constructed a synchronously-pumped OPO based on a BBO crys tal. The
noncollinear geometry of the pump and oscillating signal realized the broadband
phase-matching condition and provided as short as 13-fs pulses in the visible range.

2.2. Non collinear Optical Parametric Amplification (NOP A)

Also reported was the generation of the broad spectrum over 100 nm in a nanosecond
OPO based on the same configuration [57]. We have demonstrated a noncollin early
phase-matched OPA (NOPA) using a BBO and achieved a tunabl e 14-fs pulse

2.2.1. Broadba nd Phase-matching Condition- Achromatic Down-Conversion
In the noncollinear geometry, the phase mismatch is expressed with more

generation in the visible with 3-8-f!.) pulse energies in 1997 [58,59,60]. While there

parameters than in th e co llinear geometry. Angles

exists a stri.ct restriction fOJ the sy nchroni zation conditi on between the pump and

and are expanded around the central frequency as

signal pulses a well as th e bandwidth limitations of cavity mirrors in a sy nchronou slypumped OPO [61] , a femtosecond NOPA is expected to generate the shorter pulses
with a multi-f!] pulse energy and broad tun ability . Further extensive investigations
have been petformed successively [62,63,64,65,66,67], and the NOPA is attracting

a and /3 are wavelength-dependent

. (aw
Ja ) LlW
, ' --cosa
1
(a!- -a), ( ')' +···,
2
° aw .
+sin /3.( ::.). L'lw, - ~cos /3
(flw,)' + · · ·,

cosa=cosa 0 -stna 0 - -

I

cos f3 =cos /3 0

t::,w

0

)

0

(2.7)

0 (::,).

many scientists owing to its remarkable advantages. T able 2.1 summa1izes the

where th e subscript 0 denotes the central value. From the phase-matching condition of

properties of the reported NOPAs, including the works presented here. Our resu lts

Eq.(2.1) we obtain

have always taken the lead in the field and by introducing a pulse-front-match in g

k, = k,. cos a. + kwcos /3,,

geometry [64] a sub-5-fs pulse generation has been attained in the visible region

k., si n a, = k~ sin /3 0 .

[66,67]. This is the first sub-5-fs light source by other method s than the conventional

(2.8)

By substituting Eqs.(2.7) and (2.8) into Eq.(2.4) we can ex pand the phase mismatch a

continuum-compression scheme. In this thesis we would like to present our

a,

Ja)

cos- - co [3,- k· sma
.
( -t'l k =- -

experimental works toward the sub-5-fs pulse generation.

[

Ut

Us

JO

0

(}(J)s

. f3 (-Jf3)
- Jt'lw +···

+k sm
0

10 •

()

(}(J)t

o

s

(2.9)
.

Author

Year

Region

Tuning

Pulse Width

Llt-.1V

Ref.

Thus Lhe firs t-order coefficient can include the di spersion of the nonco ll inear angles. It

Shirakawa et at.

1997

550-700 nm
460- 1150 nm

delay line

> 14 fs
> 18 fs

0.6 - 1.1

[58,59]
[60)

mea ns that the signal-idler group-velocity mismatch in Eq.(2.6) can be modified by the

(}

Wilhelm et al.

1997

470-750 nm

a,(}

> 16 fs

0.4 - 0.5

[62)

Cerullo et al.

1997

500-700 nm

delay line

> II fs

0.6 - 0.9

[63)

Shirakawa et al.

1998

550-700 run
900- 1300 nm

Cerullo et a/.

1998

Shirakawa et al.

1998

> 6.1 fs
> 8.4 fs

0.33
0.42

[64]

500-800 nm

7.3 fs

0.65

[65)

500-800 nm

4.7 fs

0.52

[66,67 )

delay line

a. - cos /3,. - k

cos
u,

Ul

sin
tQ

.

a(]!!___)
a{J),
0

+ k sin
n

f3 (_E/}_)

111

0

()(!) !

=0

(2. 10a)

O

the first-order phase mismatch is e liminated and an ex treme ly broadband phase

Table 2.1. Property of NOPAs reported in 1997- 1998. Our works are
indicated by gray columns. a, signal noncollinear angle; 8, crystal angle.
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wave length-dependent nonco llinear angles. In the case

matching is enabled. The correspo nding co ndition along the direction perpendi cular to
the pump can be deriv din the same way as

a,

Ja)

( Jf3)

sin
- +sin/3,
- -. +k ,cosa0 (-a

u,

u,

'

CO,

+k,. cos /3,. -

Jw ,

0
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=0.
0
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conversion such as SHG and SFG, and much interest has been focused onto the

X

X

technique to prepare the desired angular dispersion of the input beams. However, in
the present case it is down-conversion so the broadband condition can be automatically

y·

satisfied by the generation of the angular-dispersed signal and idler. The characteristic
feature will be discussed in th e next section.
For practical applications such as an OP A which amplifies a seeded weak signal

z

z

the angu lar dispersion is not desired. Thus we consider the case that the signal has no

Fig. 2.2. Signal-idler group-velocity matching in the (a) general geometry
and (b) pecial geometry for a = const.. x, y, z, and e denote the crystal
axes and angle in the case of the present work.

angular dispersion (a=

~XQ).

The schematic is shown in Fig. 2.2(b). For a= IXQ,

Eq.(2.12) yields the simple group-velocity matching condition

u, = u, cos( a+ [3),
By Eq.(2.10) we can define in a broad sense the group-velocity matching in the

(2.13)

with

noncollinear geometry.
In the case of a con ventional collinear geometry (a=

f3 = 0) this condition is only

.E/!_ = ___l _(siJW +sin [3) =

aw,

k, cos f3

v,

u,

tan(a + [3)
k,u,

(2.14)

satisfied when
where the subscript 0 is removed for sin1plicity. The condition is then simplified as the
(2.11 )
which is only satisfied at the degeneracy (w, =
+ o oro

~

w, = w.j2) in a type- I interaction (e

~

o

M=

On the other hand, in the noncollin.ear geometry the an gular dispersio n can
eliminate the GYM and a broadband phase matching can be attained . The schematic of
this configuration is depicted in Fig. 2.2(a). The angular di spersions sati sfyin g thi s
conditi on are calculated from Eq.(2.10) as

0

(ff!J.

velocity. The phase mismatch in Eq.(2.9) can then be rewritten as

e + e). In a type-II interaction (e ~ o + e oro ~ o + e) the GYM is in

general larger du e to the large birefringence in practical crystals (42,44].

( ~)
aw.

projection of the idler group velocity to the ignal direction is equal to the signal group

u,·' cos(a 0 + [3,)-u;·'
k,0 sin(a 0 + {3 11 )

cos(a+fJ)(_!_ l
cos f3
v, u, cos( a+ [3)

)t-.w + .. ·,

(2. 15)

'

which clearly indicates the broadband pha. e matching in the case of the group-velocity
matching.
Note that this group-velocity matching is owing to the idler angular dispersion
given by Eq.(2.!2). We use the term of the "signal-idler group-velocity matching" in
this special case. The above mentioned general group-velocity matching is to be cal led

(2. 12)

u,·' cos( a, + [3 11 ) - u, _,
k;,, sin( a.+ [3, )

an "achrom atic phase matching" hereafter for simplicity.
For sma 11

This kind of phase matching is well known as an achromatic phase matching [68,69],
which has attracted many scientists to obtain a broadband wavelength conversion or
ultrashort pulses [70,71 ,72,73,74,75,76]. All app li cation s ever reported were up-

- 18 -

.
cos( a+
. app 1"1ca ble to man y expenments,
a con d .ItJOn
f3 [3) - l wn. h.m a
cos

2-% acc uracy, so that it is convenient to use the general GYM defined as
CVM

'"'

=· _!___
u,

1

.

(2. 16)

u, cos( a+ {3 )
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The GYM between the pump and signal, which limits the interaction length in the
crystal, is also given by [54]
GVM

,_,

I

1

v,

u, cos a

(2.17)

=----.

2.5
/

E'

As clearly seen from Eqs.(2.16) and (2. 17), both GYMs are dependent on the

I

..c

noncollinear angle a and can be eliminated by a proper geometrical arrangement. The

en
c

group-velocity matching between the pump and signal or idler by the noncollinear

Qi

geometry in the case of u, > uP was reported and an order of magnitude longer

s

interaction length than that in the collinear geometry can be obtained [54,55 ,56]. Our

a=4° /

2- 2.0
(!)

I

1.5
I

~ 1.0

current interest is the signal-idler group-velocity matching, which is possible if u, < V;.

opacity region
o . o~~~~~~~-L~~~~~~~

The bandwidth is broadened by more than ten times and is only limited by the group-

26

22

velocity di spersion (GVD) as indicated in Eq.(2.5) [44], and an ultrashort pulse

30

e (deg)

38

34

generation is expected

2.2.2. Group-velocity Matching in

~-BaB 2 0 4

In order to understand the characteristic behavior of the achromatic pha. e

matching an NCPM in a BBO crystal is considered. A BBO crystal is widely used for

-S
..c
......

800

OJ

c

a gain crystal of an OPA because of the advantages of the broad tunability, high

~ 700

damage threshold, and large nonlinear coefficient (44]. A type-I (e __, o + o) OPA is

>
cO

more sui tabl e for an ultrashort pulse generation than a type-II (e __, o + e) OPA
because of the smaller GYM and larger effective nonlinear coefficient [42,44,47] .
From Eq.(2.8) the angle 8 between the pump beam and the
the idler noncollinear ang le

f3

z axis

(optic axis) and

satisfying the type-I phase matching are respectively

given by

8(.:1.., a)= cos-' {

1

.Jn, .. (}..,)- "'_, (-1,)

x !..' ("•(

~) a/~+~(,.(~)/ (~) ~)' :~)
oo>

1 )' - (..

(b)

E' goo

''" a j

)'

, ,.

)·

s

600

co
§, 500

U5

26

28

30

e

34

36

38

Fig. 2.3. (a) Theoretical phase-matching curves of 8 in a type-! BBO OPA
pumped at 395 om with several different values of the signal noncollinear
angle a.. The signa l branch (solid curves) and idler branch (dashed curves)
are shown . The area in gray indicates the region where the achromatic
phase matching is enabled. The opacity region indicated in the figure is due
to the corresponding idler absorption. (b) Signal branches magnified in a
wavelength region of shorter than 1000 nm. The dashed curve indicates the
signal-idler group-velocity matching points.

(2 .1 8a)
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32
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o; 1 o

(2.1 8b)

Q)

~

1::!

Here we consider the signal noncollinear angle a as a parameter. A./s are wavelengths

0>

with the relationship of A.= (A,"- J..·T' and n0 and n. are the refractive indices of the

6

~

4

Q)

can satisfy the phase-matching condition by a noncollinear interaction. For given 8 the

0

z

0

450

500

600

650

700

750

800

Fig. 2.4. Wavelength depende nce of o: to satisfy the signal-idler group
velocity matching condition (solid curve) . Also shown is a which satisfies
group-velocity matching between the pump and signal (dashed curve). The
thin line indicates a= 3.7°.
Idler Wavelength (Jlm)

381.0 2.0

as shown in Fig. 2.2. For 8 < 29.4° the range of the spectrum is partially limited ,

is onJy restricted by the absorption of the idler in the crystal. These behaviors can be

550

Signal Wavelength (nm)

signal and idler waves can be simultaneously emitted in a broad range of wavelength

whereas for 8 > 29.4° the whole optical modes over 450 om - 3 11m are excited, which

-

c

the signal and idler in tl1e phase-matching

matching activity over a broad specLral range. The region filled in gray in Fig. 2.3(a)

/

2

(.)

curve for each non-zero o:. The most characteristic feature is the enormous phase-

-

GVMs-i=O

0

61(A.,,a) for various a pumped at 395 om are shown in Fig. 2.3.
lO

c

:§

indices given in Ref. [77) are used for the calculation.

There are two branches corresponding

G VMp -s =_O__ -'

<l:

ordinary and exLraordinary rays, respectively. The Se!lmeier equations of the refractive

The curve of

8

Q)

1.5

1.2

1.0

0.9

650

100

0.8 20

\

Q)

~ 36

Q)

~

explained by the group-velocity matching in a broad sense where the appropriate

Q)

angular dispersions of the noncollinear angles eliminate the GYM between the signal

0>
c

and idler and realizes the ultra-broadband phase matching. Note again that this

Cii

Q)

~ 30

condition is automatically satisfied in the interaction of a down-conversion.
Each phase-matching curve for given

a

0

is substantially modified even with the

small change of the angle. Figure 2.3(b) shows the existence of an inflection , which is
the point of the signal-idler group-velocity matching on the condition for o: =con st. In
the specLral range of a normal dispersion

(u, <

U;

for

f3 =

0) as

mentioned above. By utilizing the noncollinear geomeu·y, on the other hand , th e

A., < 790 om as indicated by a da hed curve in

Fig. 2.3(b). The wavelength dependence of
Fig. 2.4. Interestingly,

a

a

2

95o

50o

550

6oo

750

Signal Wavelength (nm)

80~

Fig. 2.5. Phase-matching curves of e (solid curve) and f3 (dashed curve) in
the case for a= 3. 7°, dominantly investigated in the present work.

A., < A;), the group-velocity

matching is only attained at the degeneracy in a collinear geometry (a=

group-velocity matching can occur for

<l:

which realizes GVM,.; = 0 is shown in

by which a broad plateau at 8 = 31.5±0. 1° between 520 to 7 I 0 nm appears in the
phase-matching curve for a= 3.7°, as presented in Fig. 2.5 .
An optical parameLric fluorescence well ex hibits the characteristic properties of
the NCPM. We observed the fluorescence by pumping a 1-mm-thick BBO crystal with

has a broad maximum around 600 nm and decreases at the

150-fs pu lses at 395 nm. The pump inten ity was about 300 GW/cm 2 . Under tl1e

shorter wavelength. Thi s is due to the negative GVD at A; > I .3 !lrn. Over a broader

intense pumping condition, a noncollinearly phase-matched optical parametric

spectral range than I 00 nm o: suffers only a small deviation of less than 0.1° from 3.7°,

-22-
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?

2 Noncollinear Optical Parametric Amplification fNOPA)

fluorescence is strongly emitted like a cone to form a ring pattern around the pump

that the idler waves are also generated with the same broad bandwidth in the NIR with

beam due to the type-I interaction [54,78] . Photograph l shows the far-field patterns of

the angular dispersion to be phase-matched with the broad spectrum of the signal

fluorescence intensity distribution at three different crystal ang les. When the BBO

waves (see Fig. 2.5).

crystal is oriented in the range of 8> 30°, where a collinear phase matching is not

These features indicate that a NOPA may be a quite promising method to generate

satisfied, a fluorescence containing a broad spectrum is emitted noncollinearly [54,78].

ultrashort pulses over a wide visible range in a sub-10-fs regime. Tn the present work

The ring tructure has a large spectral angular dispersion along the axial direction ,

this characteristic signal-idler group-velocity matched interaction is focused on and the

which visually exhibits the characteristics of an achromatic down-conversion. The

applicability to the ultrashort pulse generation is extensively investigated and

dispersions of the fluorescence at

e=33.3° and e=31.1 o are reversed from each other.

explored.

The former has larger cone angles and the intensity is higher, because GVMP·• is
reduced for larger a (see Fig. 2.4) [54].
The angular dispersion is minimized around

e= 31.5° and a large fraction of the

2.3.Femtosecond NOPA based on ~-BaB 2 0 4

visible fluorescence intensity is emitted along a conical surface with the internal cone
2.3.1. Broadband Amplification of Single-filament Continuum
angle of 3.7° (Photograph I(b)). This property well agrees with the above mentioned
prediction, representing the exceptional broadband group-velocity matching. The

The arrangement of the NOPA is schematically shown in Fig. 2.7. A mode-locked

parametric gain given by Eq.(2.3) is calculated in this configuration . Figure 2.6 shows

Ti :sapphire oscillator (Spectra-Physics, Tsunami) pumped by an 8-W Ar-ion laser

the result in the case for d.rr = 1.6cose pm!Y [77] and cP = 50 GW/cm 2 . The gain

(Coherent, lnnova 310) produces 82-MHz, 80-fs pulses with a 1-W average power at

covers the enormously broad visible range from 520 to 750 nm with small variation .

790 nm. They are then seeded to a Ti:sapphire regenerative amplifier system with a

The bandwidth is as large as 160 THz (5300 em·'), and from the Fourier

chirped-pu lse amplification scheme (Clark-MXR, CPA-1000) which is pumped by a

transformation the possible shortest pulse width is estimated to be 4.4 fs . Note again

frequency-doubled CW Q-switched Nd:YAG laser (Clark-MXR, ORC-1000, 5 W, 1
kHz at 532 nm). The pulse energy and duration of the output pulse are 300 ).11 and 120
fs, respectively. The SH at 395 nm is generated in a I-mm-ti1ick BBO crystal (type I,

400

120 600

e

= 29.4°) wi th a 100-).11 pulse energy and then separated from the fundamental and is

100

utilized as a pump. The pulse width of the SH is estimated ro be - L50 fs by the cross-

80

correlation measurement with the fundamental pulse. After passing through a delay

c
"iii 60

line for synchroni zation, the pump beam is telescoped to obtain a peak intensity -300

(9

GW /cm 2 and pumps a 1-IUin-thick BBO crystal (type I, 8 = 30'). The small beam

160 TH z

40

diameter of 0.5 mm is to suppress the effect of the pulse-front tilting [56] (see Section

20
0

500

550

600
650
700
Wavelength (nm)

750

800

2.3.3). The crystal is placed with the xz-plane lying in the plane of the page, and the
polarization of the pump beam is on the plane as an e-ray. The thickness of the BBO

Fig. 2.6. Wavelength dependence of the parametric gain (Eq.(2.3)) in the
type- I NCPM for cr.= 3.7°. Here le = I mm and (J> =50 GW/cm1 .

crystal is detern1ined so that the temporal walk-off due to GVMP·' (-100 fs/mm) is well

- 24-
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300!J.J, 120fs
I kHz @790nm

2 3 Femtosecond NOPA based on

~-BaB 2~

than the threshold of the continuum generation. The stabilities of the intensity and
spectrum and the spatial coherence along the cross section are both excellent and
suited for the seed of an OPA. As shown in Fig. 2.8, the spectrum of the singlefilament continuum covers a broad spectral range from 450 to longer than 1000 nm .
There is a strong spike around 790 nm due to the fundamental pulses. Outside thi s
region it shows a smooth feature.
The chirp property is measured by a spectrally resolved up-conversion [18,21 ,80].
The sum-frequency pulse of the continuum and 120-fs gate pulse at 790 nrn are
generated in a 0.5-rnm-tbick BBO crystal (type I, 8 = 35°) and the different spectral
portions are selected in an f = 10-cm monochromater with an about 1-nm resolution.
The wavelength -dependen t group delay (GD) is determined as the center-of-mass
delay position in the corresponding cross-correlati on trace [21 ). The dispersion of air

Fig. 2.7. Experimen tal setup for the noncollinearly phase-matched OPA
(NOPA). SHG, second-harmonic generator; BS , beam sampler; HS ,
fundamental and second-harmonic separator; F, notch filter centered at
800 nrn; D, variable optical delay line; PS, periscope for rotating the
polarization of the signal. The cone-like parametric fluorescence with the
minimized dispersion (see text) is illustrated with the external cone angle
a,,.. Also illustrated i the crystal axes x, y, and z.

suffering from the propagation to the up-conversion apparatus is corrected using the
refractive index data in ref. [81). The result is shown in Fig. 2.8 . The GD shows a large
nonlinear change around the fundamental wavelength, whereas on both sides a quasilinear chirp is observed. This feature agrees well with the previous reports [82).
Because of the unsaturated interaction with the self-p hase modulation, the single-

below the duration of the pump pulse. A noncollinearly phase- matched parametri c

filament continuum does not posses a linear chirp across the whole range of the

fluore scence is strongly emitted as shown in Photograph L Th e crystal angle is

e=- 31.5' for the signal-idler group-veloci ty matchin g, which is assured by

10 5 ~~~~~~~~~~~~~~~~~~250

observing the angular dispersion of the fluorescence to be minimized. The

200

adjusted to

1502

fluorescence covering a large portion of the visible region i em itted conically with the

>-

100~

internal cone angle of -3 .7' (Photograph I (b)).
The parametric fluorescence can also be used for the seed of an OPA [55,56).
However, it seems more promising to use a stable white-light continuum as a seed for

Q)

°

2
£10
(/)

50 a.
:::J

c

o (')e

Q)

c

10

-50

th e practical use because the gain of the amplification in such a thin crystal is not large
enough to reach a saturation regime. A small fraction of the pulse e nergy of about 1 J.L]
at 790 nm is focused onto a 2-mm-thick sapphire glass and co nverted to a singl e-

500

600

700
800
900
Wavel ength (nm)

1000

1160°

obtained by adjusting carefully the incident pulse energy to be only slightly higher

Fig, 2.8. Wavelength dependence of the intensity (solid curve, log scale)
and the group delay (full circles) of the single-filament continuum. The
spectrum of the injected 790-nm pulses are also shown (dashed curve,
linear scale). The spectra are not in tensity-calibrated.
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filament continuum to be used as th e signal [39 ,41 ,79]. Thi s type of co ntinuum is

0
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2 3 Eemrosecond NOPA based on

reflectance of -90 % at 800 nm to reduce the fundamental pulse energy, and then

~
c

injected to propagate along the dispersion-minimized cone surface as shown in

..ci

Photograph II. The direction is in the xz-plane to be matched with the Poynting vector

2

2

spectrum as is well-known in optical fibers [17,18,21].
The continuum beam is collimated and pa ses through a notch filter with a peak

P-BaB ~

:J

L..

~

>-

of the pump for the walk-off compensation (49]. A broad spectral range of the

'Ui

continuum is noncollinearly amplified to a 2-3-!1] pulse energy with a short-term

c

c

Q)

peak-to-peak fluctuation of about 10 %.

0
450

850

2.3.2. Output Properties
The center wavelength of the amplified signal sensitively depends on th e position

Fig. 2.9. Spectra of the amplified signaL The center wavelenoth can be
tuned only by scanning the delay line of the pump by 50 J..Lm. "

of the delay line of the pump pulse owing to the chirp of the continuum. By scanning
the delay line with the range of 50 J..Lm, the signal is stably tuned between 550 and 690
nm as shown in Fig. 2.9. Each of them has a broad spectrum with the bandwidth up to

18~~~~~~~~~~~~~~
~
Ol

c

16

<(

2000 cm· 1• The small peak structures around 530 nm and 760 nm are due to the
imperfect flatness of the phase-matching curve and the strong seed intensity near the
fundamental, respectively. The signal suffers from no significant pulse energy
reduction, indicating the bandwidth is not limited by the gain bandwidth but by the
seed chirp. However, if the notch filter is removed to decrease the amount of the chirp,

900

the intense spike of the fundamental in the seed pulse induces the substantial
amplification around 790 nm as well as at the phase-matched wavelength. This is
because the differences of the phase-matching ang les and the GDs of the continuum
between at 790 nm and at 600 nm are only 0.3" and 150 fs, respectively. The notch

1000 11 00 1200 1 300
Idler Wavelength (nm)

1400

Fig. 2.10. Angular-dispersion property of the idler. Measured external
noncol!inear angles {3,., wi th respect to the pump are shown (full circles at
A, = 680 om and open squares at A., = 600 om)). Also shown is the
calculated phase-matching curve (solid curve).

filter suppresses the unexpected dual-wavelength amplification both by decreasing the
fundamental intensity and by separating the two signal components in time.
In this group-velocity- matching geometry the idler is also broadly generated and
fan-shaped with a spanning angle of about 7" in the xz-plan e, which can be observed
by the SH of the idler generated from the BBO by a non-phase-matched process
(Photograph H). Figure 2.10 shows the wavelength dependence of the ex ternal
noncollinear angle with respect to the pump direction. It is to be mentioned that the

- 28-

broad spectra is observed to be distributed from 800 to 1400 nm. The measured data
well agree with the theoretical phase-matching curve and show the characteristic
quasi-linear dependence.
Figure 2.11 shows the background-free intensity autocorrelation trace at 625 nm
after the pulse compre sian. A 100-J..Lm-thick BBO (Type I, 8

= 45°)

is used for the

SHG . The pulse compressor is a pair of BK7 Brewster prisms and optimized to a 37-

- 29-
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em slant length with a minimum insertion. A fit assuming a sech 2-pulse envelope

~-BaB Q,.

2

1.2

function yields a pulse width of 14 fs. The spectral width of a 66-nm FWHM

Jl

,,

~ 25

corresponds to a pulse width of as short as 8 fs, indicating the pulse is far from

'

.J::

transform-limited (TL).

.:0

3

The measured pulse width and time-bandwidth product over the pump-delay

20

·-

1.0
0.8

,,

0 .6 >-1
::>

Q)

":]

E1

turung range are shown in Fig. 2.12. The bandwidths are from 700 up to 2000 em·' ,

::J

0..

with keeping sub-20-fs durations. The time-bandwidth products are 0.6-l.l, except for

0.4
15
0.2

0.4 at 550 om. In the long wavelength region the spectrum di tributes to -800 nm with
10
0.0
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Wavelength (nm)

a non-negligible spike, which degrades the products to be larger than 1. The large
time-bandwidth product is partly due

to

the pu lse-width measuring apparatu . The

autocorrelator composed of the 100-l!m-thick BBO with the GVM of 40 fs at 600 nrn
and dispersive media such as a lens and a beam splitter may overestimate the pulse

Fig. 2.12. Wavelength dependence of the pulse width (full circles, sech 2 fit) and time-bandwidth product (full squares). The dotted line indicates the
product of a traosfonn-limited pulse (0.315) in the case of a sech'-pulse
envelope.

width. The 3.3-fs/step time resolution of the pulse stage used for the delay line also
disturbs the accurate measurement of the pulse width. The wings on both sides
observed in the autocorrelation traces also indicate the higher-order dispersion . These
problems should be eliminated.

twice by plane mirrors with small vertically tilting angles. Even though the gain of the
4

first stage is as high as 10

,

the gain in the succeeding stage is smaller than 3, which

reason is not clear but supposed to be due to the degradation of the beam quality by

The low conversion efficiency (-5%) can be improved by an additional two-stage
amplification, where both pump and signal beams are reflected back to the crystal

higher-order nonlinear effects. The resultant pul e energy is up to about 8

!l-f, which

accompanies the longer duration of about 18 fs and the increased time-bandwidth
product to larger than I.
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Fig. 2. l l. Intensi ty autocorrelation trace of the amplified signal after pulse
compression (fu ll circles). The sech 2-fit (soli d curve) pulse width is 14 fs
(FWHM). The spectrum is shown in the inset.
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Fig. 2.1 3. Angle-lttoed spectra of the signal.
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The spectral range of the signal can also be extended by angle-tuning. Figure 2.13

2 3 Femtosecond NOPA based on 13-BaBzD;

u
c

tan a=-'- tan y.

shows the spectra obtained by rotating the crystal by the range of about 5° in the case

(2.19)

of the three-stage amplification. The tuning range is from 460 to 1150 urn, wh ich

Note that the group velocity v, describes the refraction. The pulse-front tilting induces

covers nearly the full range of the continuum spectrum. The corresponding tuning

a temporal delay across the beam diameter d by

range of the idler is from 600 run to 2.8 IJ.Dl. The stable generation at -800 urn is to be

lit =dtany
lilt

mentioned even though the spectrum is strongly modifted by the notched filter. In a

c

(2.20)

'

type-1 collinear OPA, a stable continuous tunability near the degeneracy is not

which gives the maximum amount of the effective pulse broadening by a time-space

available. The degeneracy causes the unstable phase-sensitive interaction [83]

coupling. In a femtosecond NOPA the tilting induces more serious problem than in a

resulting in the absence of the tuning between -700 to 900 nm in the collinear OPA

noncollinear OPO because an order of magnitude larger beam spot size is used in

pumped at -400 nm [39,40]. The NCPM removes the degeneracy even under a type-l

OPAs [56]. In the present NOPA for a= 3.7° the tilt angle of the exit signal is

phase matching and enables the continuous tuning over the 800-nm region, like in a

calcu lated to be 6.3° at 600 nm. The 0.5-mrn diameter of the pump can cause

type-IT OPA [5,6,42].

broadening up to 180 f. Tllis value is too large to explain the present experiments. An
interaction within the smaller cross section is considered to be taking place in the

2.3 .3. Limitation of Pulse Width- Pulse-front Tilting
As discussed in the last section, the NOPA based on the signal-idler groupvelocity matching shows the advantageous property to generate sub-20-fs pulses with
the wide tuning range of the visible. However, from the broad pectra with exceeding

crystal (see Fig. 2. 14). The divergence of the amplified signal and the relatively-low
conversion efficiency support this explanation.
The most evident feature is the spatial chirp of Lhe amplified signal. The pulsefront Lilting is accompanied with a dispersion of the exit angle

£

expressed in the

2000-cm·' bandwidths, much shorter pulses with less than 10-fs durations are expected.
The unexpected large time-bandwidth products are partly due to the non-optimized

~E(A)

autocorrelator and pulse compressor as mentioned above. However, it seems to be
difficult to explain the broadening factor of 2 to 3 from the TL duration.

BBO

signal

The most probable reason is the pulse-front tilting, which is an intrinsic effect for
the noncollinear interaction of ultrashort pulses [56]. Figure 2.14 shows the schematic

pump

behavior. Under the noncollinear geometry, the pulse fronts of the pump and signal
cannot perfectly overlap with each other. The noncollinear amplification causes the
tilted gain volume in the signal beam with the noncollinear angle a, resu lting in the
generation of a til ted signal by the same angle. The general property of a pul se-front
tilted pulse is explained in Appendix A. The external tilt ang le y is simply given from
the relation

- 32-

Fig. 2.14. Schematic of the noncollinear interaction between the pump
pulse and signal pulse. The crystal is on the left side. The volume where
the pump pulse and signal pul ·e exist are shown by the black and gray bold
lines, re pecLively. The gain volume by the pump pulse introduces the
tilting of the wave plate of the signal pulse by a in the crystal, resulting in
the dispersion of the exit angle of the signal pul e.
- 33-
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tilting with a relatively large beam diameter seems the most essential requirement to
achieve a generation of TL sub- 10-fs pulses with a med ium pulse energy from a

E 610
.s

(b)
~ ·-

..c

NOPA . This problem will be solved in the next chapter to obtain the remarkable

• • •
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Fig. 2.15. Property of the spatial chirp. (a) Spectra passing through the
vertical slit at three different positions (thin curves) and in the case of the
full open (bold curve). (b) Center-of-mass wavelength as a function of the
relative exit angle. The dashed line indicates the expected spatial ch irp of
the signal tilted by 6.3°.

formula [84] (see Appendix A):
de

tany

dA.

').,

(2.21)

This feature originates fro m the inhibition of a confined beam propagation with the
pulse-front tilting from the wave front, in ana logy with the propagation throu gh a
prism [84] or grating [85] . The spatial chirp of the amplifi ed signal is measured by
scanning a 100-!J.m-wide slit on the xz-plane over the beam cross section after
collimati ng. The spectrum passing through the slit exhibits the position-dependent
feature, as shown in Fig. 2. 15(a). The spatial chirp is estimated by we ight-averaging
the spectra and the result shows a characteristic quas i-linear dependence on the ex it
angle as shown in Fig. 2.l5(b). The slope expected from the pulse-front tilting with y=
6.3° shows the surpris ing agreement with the measured spatial chirp.
Thus it is confirmed that the pulse-front tilting gives the limitation in the
performance of the NOPA. To reduce the pulse broadening effect, the beam cross
section must be minimized, which in turn causes a pulse energy reduction because of
amplification saturation due to a pump depletion. Therefo re elimin ating the pulse-front

- 34 -
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3. Pulse-front-matched Noncollinear Optical

f.--n,.=a
I

Parametric Amplification
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3.1. Tilted-pump Geometry for Pulse-front Matching
In Chapter 2 we have discussed noncollinear optical parametric amplifica tion
(NOPA) as a leading candidate to realize a tunable several-fs light source. However,
we face an intrinsic problem to progress further pulse shortening to a sub-10-fs regime.
The pulse-front tilting caused by the noncollinear interaction is the most dominant

Fig. 3.2. Pul se-front matching geometry.

cause of the pul e-width broadening. Overlapping the pulse fronts of the pump and
signal in the crystal and eli minating the pulse-front tilt is the most essenti al to obtain a

to be matched with that of the signal in the crystal. The scheme (a) is inconvenient

transform-limited (TL) sub-10-fs pulses. We call thi s requirement as "pu lse-front

becau e the tilted front of the signal must be corrected again after the amplification. ln

matching".

addition, due to the broadband spectra of the signal, there will be problems such as a

As discussed in Appendix A, a pulse-front tilt can be generated by using angular

nonlinear front distortion [86] and a pulse-width broadening induced by the serious

dispersing elements such as a prism [84] or grating [85]. The tilt angle can be also

(chromatic) dispersion in optical elemen ts. Therefore the pul e front of the nearly

controlled by imaging optics or refraction . Thus two ways are considered for the pulse-

monochro matic pump is co ntrolled here (Fig. 3.l(b)).

be

The pulse-front matchin g geo metry is schematically shown in Fig. 3.2. The pump

matched with that of the pump in the crystal. (b) Pre-tilting the pulse fTont of th e pump

beam passes through a prism with an incident and exit angles ¢ 1 and ¢z, respectively,

front matching as shown in Fig. 3.1. (a) Pre-tilting the pulse front of the signal

to

and the pulse-front is tilted. The tilt angle /j,nsm just after the prism is given by [84] (see
Append ix A)
tany

'"'"'

, d¢,
d?..

=-~~.-=-

sin

a...... ~~., dn

cos¢,' co ¢,

d).'

( 3.1)

where n is the refractive index of the prism, 0\.pcx is the prism apex angle, and ¢ 1' is the
internal incident angle. The til t angle is then decreased and the pulse width is
broadened dur ing the propagation in th e free space by the spectral lateral walk-off over

(b)

the beam cross sec tion [85]. The following telescope recollimates the spectral lateral
walk-off and images the ti lted fronts on the focal plane with a longitudinal

Fig. 3.1. Two sc hemes for the pulse-front matching between the pump and
signa l pulses. (a) Tilted-signal geometry. (b) Tilted-pump geometry .
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magnificationfacwr M =f//2 , which gives the tilt angle%" at the crystal position as
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r
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=- h
J; tany r n1111 '

( 3.2)

Millennia; 5W at 532 nm), resulting in the oscillator pulses of a 600-mW average
power and an -80-fs duration. The pulse energy of the amplified pulses are increased

The internal tilt angle

r.., is reduced by refraction with the relation

v

tan y.In! =__!_tan
y C(l .
c

to 400 J..!l by an 8-W pumping by the Nd:YAG laser. A 1-mrn-thick LiB 3Q5 crystal
(type I,

The pulse-front matching condition y,., =
tan a = ~

J;

c f'

a is then given by

e= 90°, ¢ = 33 .7°) in place of a BBO is used for the SHG of the fundamental

pulses to reduce the walk-off effect and used as a pump. The stage of the continuum

tan r prum .

( 3.3)

generation is the same as before. The notch filter which was used to prevent undesired
amplification of the fundamental spike is replaced by a thin 175-J.l.m-thick high-pass

Because the spectral lateral walk-off in the horizontal direction is insignificant in the

filter (T < 0.1 % at> 750 om) to minimize the seed chirp. The signal beam is aligned

present experimental condition, the beam is almost recollimated both horizontally and

to be propagated on a dispersion-minimized cone and amplified with the noncollinear

vertically. Since the spot size is reduced by the lateral magnification fac tor M' 1 =.f//1>

internal angle

a of 3.7'.

the combination of the telescope is essentially determined by the requirement of the
efficient amplification and dimensional restriction. Thus a prism apex angle and

LBO

HS

incident angle are the most essential parameters for the optimization to satisfy
Eq.(3.3).
The apparatus with pre-tilting and imaging for an OPA was firstly demonstrated
by Daniel ius et al. in 1996 [87 ,88]. However, their purpose is to control the group

signal

velocity of the pump for the efficient amplification in a collinear OPA. The

550-700nm
>6fs

combination of the tilting and walk-off of the e-polarized pump can realize the
matching between the gro up velocity of the pump and the averaged group veloci ty of
the signal and idler. The apparatus reported in this work is the first presentation of the
pulse-front matching in an OPA.

3.2. Tunable Sub-10-fs Pulse Generation in the Visible
3.2.1. Experimental Setup of Pulse-front-matched NOPA
The whole experimental setup of the pu lse-front matched NOPA is show n in Fig.
3.3. The pump and probe pul ses are generated basicall y in the same way as described
in Chapter 2, however, the details are improved. The Ar-ion laser is replaced by a
laser-diode-pumped

intracavi ty-doubled

CW

Nd:YY0 4

laser

(Spectra-Phys ics,

130fs,400J.!J
1kHz,790nm

Fig. 3.3. Schematic of the sub-10-fs NOPA. BS, beam sampler; HS,
harmonic separa tor; T.P, prism for pulse-front ti lting; Ll, L2,f = 200- and
71-mm lenses; CM I, CM2, spherical mirrors (r = I 00 mm); VND, variable
neutral-density fi lter; WCM, spherical min·or (r = 120 mm); CF, cut-off
(iller; D, optical delay line; TMl, spherical mirror (r = 250 mm); TM2,
cylindr ical mirror (r = 115 mm); CG, grating (600 e/mm); CyM ,
cylindr ical mirror (r = 77.85 mm); PSI , PS2, peri cope; P 1, P2, 45" fusedsilica prism pair; P3, P4, 60.2' SFIO prism pair; Gl. G2. grating pair (150
e/nun).
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Fig. 3.4. Design of the pulse-front-matching apparatus.
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Fig. 3.5 . Comparison of the spatial chirp of the amplified signal centered at
600 om in the horizontal direction. A center-of-mass wavelength JS shown
in both cases of the non-tilted (open squares) and tilted (full circles) pump
geometries. The dashed line indicates the expected spatial chirp of the
tjlred signal in the fonner geometry. The solid curve is for an eye guide.

The design of the pulse-front-matching apparatus is shown in Fig. 3.4 in detail.
The pump beam passe through an antireflection-coated 45' fused-silica prism with an
incident angle of 49' for the pulse front to be tilted by 2.3'. A telescope (j = 200 I 70
rnm) with the longitudinal magnification factor of 2.8 images the front with the tilt

angie of 6.4' at the BBO located on the focal plane. Corresponding internal tilt angle
of 3.7' (using vglc

= 0.575

at 395 om and

e=

31.5') being equal to a assures a

maximum spatial overlap between them. Diameters of both beams at the BBO are
about I .5 mm (pump intensity -50 GW/cm2 ). However, due to the mode mismatching
and the non-uniform intensity across the pump beam, the signal is amplified only in
the limited area (-0.5-mm diameter) up to a 3-Jl] pulse energy. For the second-stage
amplification, both pump and signal beams are reflected back to the crystal by
spherical mirrors (r = 100 mm) located at the confocal positions and the same pulse

In Fig. 3.5 the spatial chirp of the amplified signal after the ftrst-stage
amplification is compared with that in a non-tilted pump geometry shown in Fig.
2.15(b). Both spectra are centered at 600 run. The large chirp of the signal in the nontilted pump case can be reasonably explained by the tilted signal generation, whereas
the pulse-front-matched interaction dramatically reduces the patial chirp. It strongly
indicates the non-tilted signal amplification from the relationship of Eq.(2.21). In this
way the spatial effect over the beam cross section is minimized, and only an
appropriate pulse compressor leads to a TL pulse generation as follows.
The amplified signal then passes through a grating-prism compres ·or and the chirp
is precisely eliminated across the tuning range. The pul e shape i measured by a
fringe-resolved autocorrelator (FRAC). The following sections explain the details. The
part of the id ler is explained in Section 3.3.

fronts are reappeared and overlapped well each other again. The back-reflecting
mirrors have slight vertical tilt-angles to extract the output at the mirror piaced just

3.2.2. Chirp Property of Signal

below the incident beam axis. A spherical mirror (r = 500 mm) compensates the small
divergence of the beam. The final pu lse energy is 5 Jl] with the peak-to-peak

Because the seeded continuum has a chirp, the OPA is processed as a chirpedpulse amplification [89] and the amplified signal initially possesses the same chirp. In

fluctuation of 5-l 0 %. The signal can be tuned from 550 to 700 nm by scanning the
delay line of the seed.

addition, the signal experiences th e phase distortion caused by the nonlinear effect in
the BBO and by the propagation through the dispersive media such as the crystal, air,

-40-
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and the beam splitters in the FRAC. In order to attain a TL sub-10-fs pulse, an accurate

300

phase correction is required over the wide spectral range.
The wavelength dependent phase ¢(OJ) ( OJ: angular frequency) of the pulse is

(d¢)

J(d'¢)

""
1 (d'¢)
+-

4! dOJ' ..,

Q)

(OJ-OJ) 2 +- •
3! dOJ'

""

200
100

0

J(d'¢)

(OJ-(t) )+- •
2 dOJ'

"(OJ)="(OJ0 )+ '~'
dOJ

>-

~

expanded around a center angular frequency OJ0 as

'~'

~

0.

(OJ-OJ) J
•

...

:J

( 3.4)

2

(.9

-100

(OJ-OJ)'+· ··.
o

600
The distortion of the pulse shape is not caused by the dispersion of the phase veloci ty
but by that of the group velocity. So that th e group delay (GD) T(OJ) given below is
commonly used for pulse-propagatio n ch aracterizati on:
T(OJ)

= d¢

dOJ

(d'¢)

l(d'¢)

l(d'¢)

650

700

750

800

Wavelength (nm)
Fig. 3.6. Measured GD of the amplified signal centered at 630 om (full
circles). The thick solid line shows the su m of the GD of the seeded
continuum (open circles) and that of the BBO with a net 2-mm thickness
(dashed curve). The effect of air is corrected so that the GDs at the BBO
position are presented. The wavelength of a zero-GO is arbi trarily chosen.

( 3.5)

= - - (OJ-OJ)+--- (OJ -OJ ) ' + - - - (OJ-OJ)'+···.
dOJ' ..,
o
2 dOJ' ,
o
6 dOJ' ..,
o

infrared (NIR) regions, the signal experiences positive chi rp where the red portion of

The constant term induces only a temporal shift during the pulse propagation w ithout
any shape change and is thus eliminated in Eq.(3.5). The coefficients of the expansion

¢"(OJ.J), ¢"'(%), ¢""(OJ.J), ... are called GD di persian (GOD), third-order di spersion

the pulse goe ahead the blue . However, as shown in Appendix A and B the use of
refraction can give a negative contribution to the GDD , which enables the pulse
compression [92]. ln Chapter 2 we used a single prism pair for the compressor.
However, because the hi gher terms such as a TOO and FOD become significant in a

(TOD) , fourth-order dispersion (FOD), . . . , respecti vely.

In the propagation through a medium w ith the path length land wavevector k(OJ)

=

su b-10-fs regime with covering a broad spectra l range, a more prec ise phase correction
is needed for the compression to the TL.

n( OJ)oic, the phase shift is ¢(OJ)= k(OJ)l, yielding

Here the grati ng-prism compression is introduced to compress the signa l pulses

[

T (OJ ) = -- ,
v, (OJ )

( 3.6)

[18,93). This method enables the simul taneous compensat io n of th e GDD and TOO
and is widely used in the sub-10-fs regime [18,20,30]. However, instead of the

which gives the intuitive representation of the GO . However, the concept of the GO
can be a lso generally used for the optical systems with wave length-dependent optical
paths P( OJ) such as a grating pair [90) or prism pair [91). The GO of such systems can
be given by
T(OJ) =

used, a g lobal cancellation of the wavelength-dependent GD across the whole tuning
range [21) is more convenient for the tunable pulse generation. This approach
si mplifies the co mpressor design and promises the best results . The requirement of th e

_!}_ (OJP(OJ)).
dOJ

elimin ation of the terms of the GOD and TOO at the center frequency conventionally

( 3.7)

c

perfect com pres ion is the constant GO at the position of the pulse-shape measurement
apparatus, i.e.,

B eca use most of optical media have a positive GDD from the ultraviolet to near-

- 42-
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( 3.8)

where Tpulse(W) is the GD of the pulse at the exit of the BBO crystal and TcompressorCW) is

The GDs of the grating pair and

the GD of the compressor including whole dispersive elements which the pulse

prism pair are calculated by the

encounters before the pulse-shape measurement. The compressor is designed to have a

dispersive ray-tracing analysis

GD which satisfies Eq.(3.8) reasonably well.
Precise knowledge of Tpu1,.(w) is required for the appropriate compressor design .

Frequency (THz)

determined to best-fit Eq.(3.8).

--~5r5o~-5~o~o~--4~5~o~--~4~oo~~
2oot.

(a) grating pair

100

[93]. The wavelength-dependent
diffraction,

refraction,

and

A spectrally-resolved up-conversion is performed in the same way as used in the

reCractive indices are taken into

measurement of the chirp of the continuum in Section 2.3.1. A 10-J.Un-thick BBO

account and the accumulated

crystal (th e same one used in the autocorrelator, see Section 3.2.3) is used for the SFG

path length P(w) in Eq.(3 .7) is

with the gate pulses at 790 nm to minimize the add itional dispersion. The meas ured

evaluated. In the present case

GD is shown in Fig. 3.6. AI o shown is the chirp of the continuum at th e BBO after

the results are expressed simply

passing the thin high-pass fi lter. The effect of the dispersion of air is corrected. The

in

sum of the conti nuum chirp and the dispersion of the BBO well explains the Tpulse(W),

Appendix B).

analytical

forms

( ee

(j)
:t::..
>.
~
Q)

0
Q.

which indicates the chirp conversion from the pump pulses or the nonlinear effects

Figure 3.7 shows the series

such as self-phase modulation (SPM) is weak enough and it is reasonable to be

of the GD of each element in the

neglected.

compressor

The compressor is composed of a grating pair, a prism pair, air, and a 0.5-mm-

at

compression.

the

The

40
0

::l

0

'-

CJ

· 40
40

parameters

20
0

thick broadband Cr-coated beam splitter in the FRAC (see the subsequent sec tion).

are as fo llows: a 15-mm epara-

The beam-steering and focusi ng optics are composed of several overcoated silver

tion of th e grating pair and 550-

mirrors and a few overcoated aluminum mirrors, the GD change of which is at most L

mm slant length and 3.4-mm

fs per one reflection over the wide range of the visible [94] and is neglected hereafter.

IPL of the prism pair at 650 nm.

-50

The gratings are used in the near-Littrow configuration with the small incident angle

The resultant path length of air

of 10° to increase the diffraction efftciency to about 60 % per one reflection . The

is approxi mately 3 m. The 45°

blazed wavelength is 550 nm and the groove den sity is 150 etmm. The pri sms are

incidence of the beam onto the

-100
-150
-200
-250

made of fused-silica with small apex angles of 45°. Such low dispersive thin prisms

contributions well compensates
Tpulse(W) substantially well (Fig.

3.7(e)). The throughput of the
experimental co nveni ence. The other parameters of the grating-prism co mpressor are
part
- 44 -

50

(e) Total

50~0~~5~5~0~6~0~0~~6~5~0~7~0~0~~7~50~~800

beam splitters in the FRAC is

reduce the intraprism path length (IPL) and minimize the TOD error caused main ly by

[21,24]. The prisms are arranged with the minimum deviation for the sake of the

- 201l-'-'......_,.w....~f-'-'~~~.J........~+---~

0

co nsidered. The sum of the all
the dispersion of glass, and are advantageous for the broadband phase con·ection

(d) beamsplitter

optimal

of

the

grating-prism

Wavelength (nm)

Fig. 3.7. Wavelength dependence of the GO of each
element in the compresso r: (a) grating pair with a 15mm separation, (b) prism pair with a 550-rnm slant
length and 3.4-mm intraprism path length at 650 om,
(c) air with a 3.5-m path length, and (d) 0.5-nun-thick
beam splitter in the autocorrelator. The total GO of the
compressor is shown in (e) wi th the mea ured GO
wi th the signs inverted for fitting.
- 45-
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compressor is limited to -10 % due mainly to the four reflections on the gratings. The

Here we use the intensity envelope function / (1) = A 2 (1) normaLized as

JT'( t)dt = 1.

eight reflections on the prism surfaces give fairly high throughput of -80 % even by
G(r) is the intensity autocorrelation function . F 1(r) and F 2(r) are oscillating

the non-Brewster-angle incidence.

components with angular frequencies of w and 2w, respectively. Because G(O) = 1,

3.2.3. Fringe-resolved Autocorrelator (FRAC)

F 1(0) = 2, and F 2(0) = 1, the well-known 1:8 ratio between the background and zero-

The measurement of the pulse width shorter than I 0 fs needs careful attentions.
The background-free intensicy autocorrelation u ed in Chapter 2 is less informati ve

delay signal i obtained. However, if the two beams are not identical, the correlation
trace is distorted and this ratio cannot be obtained.

and suffers the problem of the geometrical smearing caused by the noncollinear

As an example, in the case of a TL hyperbolic secant envelope A(l)

interaction in analogous to the pulse-front tilting mentioned above. The details are

with ¢(1) = 0, the pulse width is given by 1.763T and Eqs.( 3. lla)-( 3. 11c) are

discussed in Appendix C . A remarkable progress in measuring the pulse shape has
been made in the last decade and versatile methods have appeared such as a frequen cy-

,~ )[~coth(~)-1].
T
T

method of a fringe-resolved (interferometric) autocorrelation technique is utilized [97].
ln a FRAC the pulse to be measured is separated

denoted by E1(t) and £ 2(1). When E2 is delayed by

T

t.o

two portions of the field.

and both beams are recombined

coaxially in a SHG crystal, the FRAC signal given by the power of the frequency-

F,(r)=

3
(
)
'(
cosh rjT tanh rjT

)[tanh(~)-~sech'(~)]cosm,
T
T
T

F,(r) = G(r)co 2m.

The schematic of the low dispersive FRAC constructed in the present work is
shown in Fig. 3.8 . Both arms are perfectly balanced by using two identical beam
splitters, which are arranged in anti-parallel with each other so that both reflections

( 3.9)

If both fields are identical to each other, E, (I)= E, (I)= A(t)cos(wt + ¢(t)), we obtain
( 3.10)

from
NOPA

where

( 3.lla)

G( r) = f:(1)/(1- r)dt,

F, (r) =

J..~(l)A(I- r)(/(1) + l (t- r)) cos( wr + ¢(1)- ¢(1 -

F,(r) = J:?(l)l(r- r)cos2(wr+ ¢(t)- ¢(1- r))dl .
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r))dt,

Computer

( 3. ll b)

( 3.l l c)

( 3.12b)
(3.12c)

doubled signal is given by

3
I ,..c(r) =- [1+ 2G(r) + 2F, (T) + F, (r) ].
4

sech(t/T)

( 3.12a)

G(r)= .
smh r j T

resolved optical gating (FROG). The measurement of sub-1 0-fs pulses, however, still
remains an up-to-date challenge [95,96], then in this experiment a reliable well-known

oc

Fig. 3.8. Schematic of the fringe-resolved autocorrelator. TBS, thin 0.5mm-thick beam sp liuer with Cr-coating; CCM, comer-cube miJTor; SM,
spherica l miJTor (r = 300 mm); BPF, bandpass filter ; PMT, photomultiplier; PO, photodiodc.
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occur at the same air-coating interfaces. The intensities and material dispersions are
then perfectly equalized and a precise aurocorrelation trace given by Eq.( 3.10) is
obtained. The thin coating of chromium exhibits the almost constant 30±1-%

(a)

reflectance and transmittance in a wide range between 500 and 800 nm without any
polarization dependence. The GD originating from the coating can thus be neglected.
The substrate is made of 87 with a 0.5-mm thickness: this is almost the minimum
thickness which does not suffer from bend during coating process and allows the
accurate measurement of the interference pattern. The reflectors in both arms are
Cf)

comer-cube minor assemblies. The delay line is driven by an ultra-fine pulse stage
(Suruga-Seiki, R 10-80L) with the minimal step of -20 nm, conesponding to the time

c

Q)
.......

c

step of approximately 0.07 fs. The time axis is on-line calibrated with a He-Ne laser,

£so sao sso 60o 650 7oo 750 800 850

the beam of which is aligned to propagate in the opposite direction to the signal beam

Wavelength (nm)

[20,21]. The calibration is done by the cosine function fitting to the partial data
including one-period fringe around each position.
The recombined beam is focused by an r = 300-mm spherical minor onto a
doubling crystal with the folding ang le of 3° to minimize the astigmatism. An ultrathin

10- ~J.m - thick

BBO crystal (EKSMA; type 1, () = 45°, ¢ = 0°) is used for the

doubling crystal to minimize the group-velocity mismatch (GYM) between the

>-

:!:::::
Cf)

§3 6

.......

c

-g 4
N

of the second-order correlation signal even in a sub-5-fs regime [98]. A carefu l

co
E
2
'-

attention should also be taken fo r the bandpass filter: a special ly designed filter is used

z

fundamenta l and SH. The GYM of only 4 fs at 600 nm enables the accurate acqu isition

(b)

.
t

,,

0

here to minimize the fi ltering effect of the correlation signal and to block th e
fundamental effectively. The transmittance is 70±10 % between 280 and 380 nm and
less than 0.5 % across 500 to 780 nm. The SH is detected by a photomultiplier
(Hamamatsu, H957-01) and the He-Ne fri nge is by a Si-PIN photod iode. All
measurements are computer-contro lled.
3.2.4. T un ing P roperty
A typica l FRAC trace of the signal at the opti ma l compression at 630 nm is show n

Fig. 3.9 (a) Spectrum of the amp lified signal centered at 630 nm. The
bandw idth is 100 nm. The inset shows the TL intensity profile wi th 5.6-fs
FWHM. (b) Fringe-resolved autocorrelation trace. Measured (open circles),
sech1-fit (dashed curve), and TL ( olid cu rve) traces are shown. The sech1 fit pulse wid th is 6.2 fs. At the bottom shown are the He-Ne fringes used
for the time-axis calibration.

in Fig. 3.9. The ratio 1:8 is obtained which indica tes the precision of the system. Also
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3.3. Tunable Sub-10-fs Pulse Generation in the Near-infrared
3.3.l. Idler Angular-dispersion Compensation
The idler is generated with a large spectral angular dispersion to be phase-matched
with the broad spectrum of the signal (see Fig. 2.10, Photograph II). This is a
Fig. 3. 10. FRAC traces of the signal across the tuning range. The secb 2-fit
(dashed curves) pulse widths are (a) 7.1 fs at 550 nm, (b) 6.2 fs at 620 nm,
and (c) 6.1 fs at 690 nm. Each intensity-calibrated spectrum is shown in the
inset.

characteristic property of the group-velocity matched NOPA between the signal and
idler as discussed in Chapter 2. While the achromatic phase matching in up-conversion
such as SHG requires a precise optical design to prepare the angular dispersion of the

shown is the corresponding spectrum with the FWHM of I 00 nm and its TL intensity
proflle obtained by Fourier-transf01ming tbe spectrum with the constant phase. The
spectrum is intensity-calibrated . The pulse width assuming the sech 2-shape is as short
as 6.2 fs, which is fairly close to the TL width of 5.6 fs. The pulse duration is reduced
to less than half from that obtained from a non-tilted pumped NOPA in Chapter 2,
which indeed presents the importance of the pulse-front matching in such a sub-10-J'

incident beam [75,76], in the present down-conversion the achromati m is attained
automatically. Because the bandwidth of the idler should be the same as that of the
signal, a sub-1 0-fs pulse generation is also expected in the NIR.
In order to obtain the collimated idler beam, only an angular-dispersion
compensator after the crystal is required. Figure 3.11 shows the scheme of a Martineztype telescope-grating compensator conventionally used [70] . The crystal and the
grating are respectively placed at the objective and image focal planes of the telescope.

regime.
Tuning is very simply performed by scanning the delay line at the fixed crystal
angle of 31.5°. Only a slight optimization of the grating separation and lPL is needed.

The dispersion of the external noncollinear angle f3w(/.;) of the idler is then magnified
by the longitudinal magnification factor M = Nh at the grating as

Figure 3.10 shows the FRAC traces and spectra. The sech 2-fit pul e wid ths at 550 and

( 3.13)

690 nm are 7.1 fs and 6.1 fs , respectively, and are also nearly TL within a 20-%
deviation. The pulse energy is almost constant to 0.5 1-Lf across the tuning range. This

where t9;(/.;) is the incident angle onto the grating. Tbe diffracted angle t90 (/.;) is

is the first demonstration of the tunable pulse generation in a sub-10-fs regime. The
current throughput (-10 %) of the grating-prism compressor limits the pulse energy,
which is to be improved dramatically by introducing chirped mirrors in place of the
grati.ng pair (Section 3.4 ).

lens21 f2

Fig. 3.1I . Basic schematic of the angular-dispersion compensation.
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obtained by the grating equation for the first-order diffraction:
sin 8, (ll,)- sin e,(ll,) = bll,.

( 3. 14)

where b is the groove density. Differentiating Eq.( 3.14) yields
d8
• dll,

cylindrical mirror

d8,
' dll,

cose _ , -cose -=b .

( 3.15)

J

d8
The elimination of the angular dispersion in the diffracted beam ( dll' = 0) is thus

- · ---

I

dll,

..:..--:reic

r2=115mm

attained when
d8
- '=

eo

b
cos e , cll,)

( 3. 16)

over the whole spectrum. By substituting Eq.( 3.13), the condition required for the

spherical mirror
r.=250mm
Fig. 3.12. Idler angular-dispersion compensator.

angular-dispersion compensator is obtained as
( 3.17)

[70,71]. The enhancement of this quadratic term is recently demonstrated by using a

Both sides of the above equation are expanded to Taylor series' around the center

"grism", which is the combination of a prism and a transmitting-type grating [75].

wavelength J\; 0 and the equalization of the fust term yields

However, in our NOPA the signal-idler group-velocity matching realizes the highly

M(df3u,)
dll, "'

linear dependence and thus the nonlinear diffraction of the grating itself limits the

b

( 3.18)

cos8,(?c,)

bandwidth. The aberration of the spherical optics is also must be taken into account
because the speclrum is widely spread over the dimension of the minors and the

This condition can be fulfilled by selecting the parameters of the telescope, groove
density, and incident angle onto the grating. As discussed in Section 2.3.2,

f3w(l\;)

features a characteristic highly-linear wavelength-dependence at the group-velocitymatching point for a= 3.7° and the coefficient

d/3,., is 0.279 mrad/nm at 1.1 J.l.m with
dll,

a small deviation from 800 to 1400 nm. Thus the parameters of M = 2. 17 and b = 600
etmm used here can satisfy Eq.( 3.18) at 81 = ±8.4°.

In the present NOPA, however, the bandwidth is amounting up to more than

paraxia l-ray approximation is invalid, resulting in a chromatic distortion at the exit
causing a wavelength-dependent GD. These factors are carefully estimated by a
dispersive ray-tracing analysi as follows.
An all reflective-type angular-dispersion compensator is designed for the
broadband sub-10-fs operation. Figure 3.12 shows the details of the apparatus. They
are aligned so that th e ray-component at 1100 nm is back-reflected with a small
vertical tilt ang le, which minimizes astigmatism. The rays are again aligned to
propagate horizontally before the incidence to the grating. Beca use the idler is

3000 em·• and cares must be taken about the va lidi ty of the compensation. In an

generated from the BBO with a small divergence vertically, an r = 250-mm spherical

achromatic SHG the quadratic term of a phase-matching curve is generall y much

mirror recollimates the id ler in both vertical and horizontal directions, while an r =

larger than that of the grating diffraction and gives the limitation of the bandwidth

-52-

115-mm cy lindrical mirror focuses it horizo ntally on the grating. The corTespondin <>
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and the standard 11 00-run ray is propagated along the center axis.
25

~

component at the grating position (on the image plane) after passing through the

g

telescope. The wavelength-dependent feature originates from the aberration. Because

'iii

the beam diameter of the idler in the BBO is estimated to be -500 J.l.m, the horizontal

,2,

0

0

-250...

0

~~~~~~~~~~~~~ -so

800

9 00

Figure 3.13 shows the calculated GD and lateral position of each wavelength

E

1 000 1 1 00 1200 1300 1400
Idler Wavelength (nm)

Fig. 3.13 . Wavelength dependence of the GD (solid curve) and lateral
walk-off (dashed curve) of the collected idler at the grating posi tion.

size of the idler beam on the grating is calculated to be reduced by M' 1 to 230 J.l.m. The
lateral walk-off is thus within 20 % of tbe output cross section which may be
negligible. The GD shows the dependence of a fifth-order dispersion and the -20-fs
delay increase is induced at the both sides.
The angular dispersion of the first-order diffraction depends on the rotating angle
of the grating. The wavelength dependence of the exit angle is calculated when
£1,(1100 nm) is changed around the two solutions ±8.4° of Eq.( 3.18). As shown in Fig.
3.14, at both ·o1utions the angular di persion is completely eliminated at 1100 nm.
However, a larger dispersion remains outside the solution. This fact originates from
the large diffraction nonlinearity of the grating and not from the aberration. For the

8.40

-4

- s~~~~~~~~~~~~~

800

900

LUnable sub-10-fs generation, a global suppres ion of the dispersion across the whole
spectral range is pursued. Figure 3.15 shows the best result obtained in the case of

1 000 11 00 1200 13 00 1400
Idler Wavelength (nm)

Fig. 3. 14. Wave length dependence of the relative ex.it angle with respect to
80 (1 100 nm) at various incident angle 8,( 1100 nm).
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~
c

16

~

14

40 0 ,2,
.!!?

<{

<n
magnifica tion fac tor M is 2. 17 as mentioned above. The vis ible non-phase-matched
SH coaxially generated fro m the BB O can be used for the total ali gnmen t.

Q)

c

32

simplicity. The smaLl astigmatism in the vertical direction is also neglected. T he
astigmatism in the horizontal plane plays a dominant role in the distortions and is
carefu Lly co mputed. We assume the system is aligned correctly as shown in Fig. 3. 12

·x
w

6 CQ 10

each ray-compo nent at A; is emitted from the crystal position to the direction with
the grating di ffrac tion according

c

<{

0

0(.) X
Q)

z

to Eq.( 3. 14) are calcul ated. The effect of the beam divergence is neg lec ted for

Ol

Ol
Q)

= :S.1 2

The ray-tracing analysis is straightforward in such a reflective optical sys tem:

f3e..C/.;). and the geometrical reflections at mirrors and

~

Q)

-400 ·5

~

"'

Qi

~00

a:
9 00

1000
11 00
1200
Idler Wavelength (nm)

1300

14ol¥

00

Fig. 3. 15. Angul ar-dispersion properties of the idler. The large dispersion
of {3,., at the exit of the BBO (calculated (solid curve) and measured (fuLl
circles at A,= 680 nm and open squares at ..1., = 600 nm)) is best suppressed
by the compensator wit h the incident angle e, (1100 nm) = -7°. The zero
exit angle corresponds to e.= 32.6•.
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8;(1100 nm) = -7°, where the angular distribution of the ftrst-order diffraction is well

150~~~~~~~~~~~~~~

suppressed within 600 j.lrad from 800 to 1400 nm. Thus the idler can be tuned without

100
2

any readjustment of the system. This grating angle is used henceforth.

>,

Cll

Qi
0

Actually there is an effect of the horizontal wave-diffraction due to the

0..

confinement of the beam diameter. An additional cylindrical mirror (r = 77.85 mm) is

::J

e

used after the grating for the horizontal collimation. The output beam pattern is

(..'J

-100

rectangular due to the different magnification coefficients of the telescope between the
15

1000 11 oo 1200 1300 1400
Wavelength (nm)
Fig. 3.17. GD property of the idler. The measured (full circles), predicted
(open circles), and the GD of the angular-dispersion compensator (dashed
line) are shown. In the measured GD the effect of air is corrected.
-

vertical and horizontal direction. The pulse energy of the collimated beam is about I
J.l], which is limited mainly by the diffraction efficiency (-60 %) of the grating blazed
at 1000 nm.

goo goo

3.3.2. Chirp Property of Id ler
conversion similarly in the case of the signal and is shown in Fig. 3.17. A 100-j.lmThe spectra of the collimated idler after passing through the angular-dispersion
compensator are shown in Fig. 3.16. The continuous tuning is attained from 900 to
1300 nm corresponding to the signal tuning from 700 to 560 nm . The FWHM amounts
up to 200 nm . The bandwidth is -20 % narrower than that expected from the signal,
which is mainly caused by the relatively narrowband diffraction efficiency of the
blazed grating in the compensator.
The GD of the idler pulses centered around 1100 nm is measured by an up-

thick BBO crystal (type T,

e = 45°) is used for the SFG with the 790-nm gate pulses.

The effect of air is corrected. The result presents the characteristic negative chirp
property. This is well understood by the parametric interaction between the signal and
idler.
As a basic property of the three-wave interaction the relative phase

e, =M · z+¢, -¢, -¢,

( 3.19)

determines the direction of the energy flow between the three waves [83]. Here IJ.k is

2

the phase mismatch along the direction of the pump
wave, respectively. When

z and

e, = +rr./2, the pump energy i

1/>j

is the phase of the j-th

increased with the reduction

~
c

of the energies of the signal and idler (SFG). On the other hand, when

..ci

pump energy is converted to the

::J

~

e, = -rr./2, the

ignal and idler (OPA). The relative phase is

maintained to be the either values under the case of a two-wave input, which means

.?:-

'iii
c

the generated wave has the phase to satisfies

Q)

e, = ±Tr./2. The sign is determined by the

intensity ratio. In case of monochromatic waves the phase matchi ng can be co mpletely

.E

0
800

sa ti sfi ed and the phase relation of the three waves are locked through the propagation.

900

1000

1100

1200

Idler Wavelength (nm)

Fig. 3.1 6. Spectra of the idler.
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Tn the ca e of femtosecond pulses with broad spectra, however, the GYM
dom inates the interacti on as discussed in Chapter 2. In the monochromatic pump
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w,0 is

the stretcher geometry [ 100] ha these signs, but it seems to be impractical because of

described by the GVM between the signal and idler and the relation which should be

the low efficiency and difficult alignment. Materials generally have zero GDD points

satisfied is

around the spectral region from 1100 to 1500 nm and at the longer wavelength the

approximation the fust-order pha e mismatch around the center signal freq uency

( 3.20)

GDD becomes negative while the TOD maintains positive. Because the refraction only
contributes to a negative GDD , a prism pair generally cannot give a large positive

where GYM,.; i defined in Eq.(2.16). Thus the GYM causes the phase variation

GDD. However, owing to the small GDD of the idler, we can find the optimum

through the propagation. On the signal-id ler group-velocity matching condition in the

condition where the chirp can be compen ated from 900 to 1300 nm. A ray-tracing

present work, GVM,.; = 0, so that this variation is eliminated and the phase relation

analysis is used for the optimization of both proper material and configuration (see

between the signal and idler is locked. By differentiating Eq.( 3.20) we obtain

Appendix B). It is concluded that a highly dispersive SFlO prism with a 60.2° apex
( 3.21)

angle used with the minimum deviation can yield the best result.
Figure 3.18 shows the GD of the compressor which is composed of a prism pair,

and

d'¢, -

air, and a beam splitter in the FRAC. The contribution of mirrors is neglected again.

d' ¢. d' ¢, - d' ¢.

( 3.22)

dw,' - - dw ' ' dw ' - dw ' '
'

I

The parameters are as follows: a 70-mm slant length and 4-mm IPL of the prism pair

•

where dw, = -dw, is used. Therefore the chirp of the idler can be imply determined by
the seed chirp so that the idler compensates the seed chirp. The positive GDD and
TOD of the signal give the negative GDD and positive TOD of the idler, respectively.
Piskarskas et al. investigated this phenomena in the case of picosecond pulses and they

at 1100 nm and a 1.5-m path length of air. The configuration of the prism compressor
is shown in Fig. 3.3. The overall adjustment of the idler beam in the compressor and
FRAC is done by use of Lhe visible SH with an increased IPL before the best
compression. The SH is then perfectly eliminated by decreasing the IPL to the

called it as "chirp reversal" [99].
The GD of the signal at the exit of the BBO is the su m of the GDs of the seed
chirp and BBO. Considering the additional GD caused by the angular-dispersion
compensator, the predicted GD of the idler is calculated and shown i.n Fig. 3.17. The

£!

agreement is well within the limited time resolution. Thus in the present experiment

Qi
0

the chirp reversal dominantly determines the chirp of the idler. Note that Eq.( 3.20)

:::J

assumes the chirp-free (monochromatic) pump condition and no higher-order effect.

50

>ell

a.

e 5o

(9-

Thus this result in turn supports the assumption that the higher-order nonlinear effects
are weak enough, as expected from the assignment of the signal chirp (see Fig. 3.6).
3.3.3. Pulse Compression

-

10

&oo

goo

1000 11 oo 1200 1soo 14oo
Wavelength (nm)

positive GDD and negative TOD in order to cancel the idler chirp. A grating pair in

Fig. 3.18. GD property of the compressor. The GDs of the total compre sor
(so lid curve), prism pair (dashed curve), air with a 1.5-m path length
(dashed-dotted curve), and beam splitter in the FRAC (dotted curve) are
shown. Also shown is the measured GD of the idler (fu ll circles) with the
sign reversed.
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It is a problem to design a pulse compressor which has the GD property with a
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compressor for the compensation at a longer wavelength (see Fig. 3.18).

8

The longer pulse width of the idler than that of the signal is mainly due to the

»
+-'

spectral narrowing caused by the grating and partly to the residual angular dispersion

·~ 6

(Fig. 3.15). The tilt mismatch of the idler in the BBO seems to be Jess effective

Q)
+-'

c

becau e of the intrinsic large angular dispersion. Optimization of the system will also

u

provide sub-7-fs pulses in the NIR.

Q)

N

co

E
2
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3.4. Sub-5-fs Pulse Generation

z

0

3.4.1. Toward Full-bandwidth Operation
So far the tWJable pulse generations have been investigated by scanning the seed
delay owing to the intrin ic chirp of the eed. Only the spectral components of the

Fig. 3.19. FRAC trace of the idler at 1100 nm. The measured (open circles),
calculated TL (solid curve, 8.3 fs) and sech2 -fit (da bed curve, 8.4 fs)
traces are shown. The spectrum and TL intensity profiles are shown in the
insets at the upper left and upper right, respectively.

continuum overlapping with the pump can be amplified, resu lting in the automatic

optimum value. No filter is used for the separation of the idler and SH in order to

attained by a continuum compression of a Ti:sapphire laser [20,21,23,24,25], the

minimize the phase distortion.

spectra of wh.ich are mai1lly located in the NIR and limit the versatile spectroscopic

pectral ftltering. However, the shortest pul e generation using the overall bandwidth
is also to be a marked challenge. The recently reported sub-5-fs pul e generations were

A FRAC trace is measured by the same autocorrelator shown in Fig. 3.8. Here a
100-Jlm-thick BBO (type I,

(J

= 45°) for the SHG and a PMT for the visible

app li cations. The NOPA is expected to overcome these restrictions and lead to a new
regime in ultrafast science.

(Hamamatsu Photonics, H957-06) are used. Two different bandpass filters (HOY A,

It is straightforward to achieve the full bandwidth of 160 THz determined by the

HA30 and a thin cut-of filter identical to that used in the seed beam) are used for the

phase matching (see Fig. 2.6): the chirp rate must be mall enough for all the spectral

sufficient flat transmittance of< 0.5% for A.> 750 om and> 80% for A.< 750 om.

components in the bandwidth to encounter the pump pulses in a BBO crystal. Cerullo

The FRAC trace of the compressed pulse at 1100 om is shown in Fig. 3.19. The
2

et a/. could satisfy this requirement by decreasing the material amount before the

sech -fit pulse width is as short as 8.4 fs. This is fairly close to the TL width of 8.3 fs

crys tal and obtain a 180-THz bandwidth [65]. In the present work we use a thicker

determined by the spectrum. We believe this is the first report of the sub- 10-fs pulse

sapphire glass (2 mm) for the stable continuum generation and a cut-off filter before

generation in the NIR longer than 1000 om. By tuning the signal to the shorter

the BBO to suppre s the amplification of the inten e spike at 790 nm. The resultant

wavelength the idler is tuned to the longer and the pulse width is maintained well

GD difference f'lT is -80 fs between 530 and 770 nm , and th en increased through the

below I 0 fs. At 1250 nm the pulse width is 9.0 fs, however, the amplitude ratio suffers

BBO crysta l by /JT880 = 231 fs over the net 2-mm thickness (see Fig. 3.6). The

a slight degradation from 1:8. This may be due to the insufficient positive ODD of the

co ndition for the full bandwidth through the two-stage amplification is roughly
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estimated to be
t::.T + !::.T8 80

where

<;

air

+ (GVM,_.t"".

( 3.23)

-rP is the pump duration of 150 fs and the maximum GYM between the pump

substrate

and signal is .206 fs/mm at 770 om. Thus the initial GD difference is needed to be less

(

than 50 fs.
This requirement is attained by pre-compressing the eeded con tinuum by some
pulse compres or (101]. In the former sections we have utili zed a prism pair and a
grating pair for compression over the wide spectral range. However, much more useful

Fig. 3.20. Schematic of the basic design of chirped mirrors. The normal
case of a negative GDD is shown. The thick and thin gray regions indicate
tbe layers of materials with higher and lower refractive indices,
respectively.

compressor with advantageous properties such as a maintenance-free operation,
compact dimensions, and the hi ghest throughput is to be requested. The recently
progressed chirped-mirror technology [102] seems the most promising to satisfy tl1ese
demands. In 1990s this technology has been widely applied to mode-locked
Ti:sapphire lasers [13,14], other solid-state lasers [103], chirped-pulse amplifier [25],
optical parametric oscillators [104], and continuum

compressions [20,21,23,24,25].

However, most of the applications are operated in the 800-nm region and the
applicability of this technology in the higher frequency vi ible range with the broad
bandwidth still remains an up-to-date work. We next go on to quest this subject and
sub-5-fs pu lses with the highest energy from the NOPA are pursued.
3.4.2. Design of Ultra-broadband Chirped Mirror

have shown that an extensive computer optimization of a multilayer design can
provide a highly-controlled GD over a broad bandwidth [1 06], originating the recent
wide use of chirped mirrors.
Intuitively for a constant GDD (linear variation of GD) a linearly-chirped
multilayer periods seem the best configuration. However, the GDD is

trongly

perturbed by emergence of Fabry-Perot-like resonances inside the structures, resulting
in non-negligible oscillation . For the quest of the smooth GD variation over a broad
bandwidth , it is essential to introduce an optimized modulation in the chirped
multilayer periods with both of the phase and amplitude [107]. It is not suitable to
increase the total number of layers to control the GD over a broader bandwidth,
because the more precision of the deposition is required with the undesired higher

The idea of a chirped mirror to control femtosecond pulses was firstly suggested
and demonstrated to a CPM dye laser by Yamashita er al. in 1986 [105]. The
schematic is shown in Fig. 3.20. By modulating the multilayer period during the
deposition, a quasi-quarter-wave dielectric coatings with varied Bragg wavelength is
fabricated. An incident wavepacket of a given center wavelength is most efficiently
reflected at the corresponding quarter-wave stack, so that the field penetration depth
becomes wavelength-depend ent and the GD can be controll ed. If the Bragg

stress in such coatings. Thus an elegant design of a multi-layer system with a limited
number of layers (-50) and in ensi t.ivity to a deposition error is especially to be
quest ed for the broadband operation, especially in the present visible region with the
larger dispersion of the layer materials than in the NrR region .
The chirped mirrors presented here are all designed and manufactured by Mr. M .
Takasa ka in Central Research Laboratory, Hamamatsu Photonics. The pecific desig ns
composed of a lte rnatin g 40 layers of Ti0 2 and Si0 2 are obtained by a s imulated

wavelength is varied from the shorter wavelength to longer one from the air surface to
the substrate side, a negative GDD is achieved. In 1994 Szipocs and his coworkers
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decrease of the GDD at the shoner wavelength i a general feature of chirped multi-
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3.4.3. Gro up-delay Measurement by White-light Interferometry
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The meas urement of the GD property of the manufactured UBCMs is essential for
U1e precise phase correction of the NOPA output. There have been proposed several
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meU10ds to measure GDs of optical elements by use of a white-light inteJferometry
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[ I 09] such as a fringe-contour technique [94, 110), Fourier-transform correlation [1 1 I] ,

pha e-locked interferometry [112], and Fabry-Perot interferometry [113]. For the
simple and preci. e measurement, however, a one-shot type measurement is desirable.

c

~

'

0.05

0
~~~~~6oLo~6~5~o~7~o~o~7~5~o~s~o~o~

f-

0

Here the GD was measured by a spectrally-resolved white- light interferometry which
Kovacs e1 a/. reported in 1995 [114) and is widely (Jsed.
The schematic of the experimental setup is shown in Fig. 3.22. The fiber-

Wavelength (nm)

u·ansm itted white Hght from a tungsten lan1p is collimated by lenses and injected into a

Fig. 3.21. Wavelength dependence of the GDs of (a) UBCM-A and (b)
UBCM-B per one reflection. Measured (so lid curves) and designed
(dashed curves) GDs are shown. Also shown is the transmittance of each
mirror (dotted curve).

Michel ·on in terferometer. The spatial coherence of the light is increased by the small
apertures. The beams are split to the reference and sample arms and are back-reflected

wh ite light

annealing method [108), which refines the transmittance, reflectance, and pha e

'/~"

changes upon reflection of multilayer systems. Mirrors were manufactured und er
several kinds of designs but for the compressor only two of them are finally used and
described here with the marks of UBCM-A and UBCM-B. The UBCM-A was
designed to exbibit a GD property with several reflectio ns to compensate the chi rp of

ceo
camera

PC

the NOPA output with the combination of the 45° prism pair, air, and the beamspillter

I
, __ ___.J

(see Fig. 3.7) all over the gain bandwidth from 480 to 760 nm. The UBCM-B was

slit

designed to have a GDD and TOD with -45 fs 2 and 20 fs\ respectively, with the
spectral region fro m 500 to 780 om. In addition , both of them also have the high

optimization is resulted in similar behaviors of the GD as shown in Fig. 3.21. Th e

Fig. 3.22. Schematic of the spectrally-re. olved white-light .interferomeu·y
for the GD measurement. AP, aperture; L, collimating lens; CBS, cube
beam ~p l itter : CM, chi rped mirrors; SM, over-coated si lver mirror; PC.
polychromator.
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Fig. 3.23. Spectrally-resolved interference pattern of a UBCM-A pair. The
dispersion is iocrea ed by four reflections.
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Fig. 3.24. Property of the UBCM pair used for the pulse compressor. The
GD (solid curve) and ODD (dashed curve) per one reflection are shown ..

by identical overcoated silver mirrors with a negligib le di persian. In the sampl e arm
two identical UBCMs are incorporated in parallel and reflect the white light with the
incident angle of -5°. The phase shift by the reflection on the dielectric multi layers are
thu s accumulated four times. If one of the end min·ors are slightly tilted in the vertical
direction, the recombined beam bas horizontal fringes , which is then spectrally
dispersed in a polychromator (SPEX, 270M) and detected by a digital CCD camera
(Hamamatsu, C4742, I OOO(H)xl 018(V) pixels). The two-dimensional image includes
the interference pattern at each wavelength from which the wavelength-dependent
phase shift ¢(OJ) originating from the reflection on the UBCMs can be calculated.
Though the term proportional to the angular frequency OJ cannot be determined
because of the uncertainty of the zero position, the resultant constant component of the
GD ha

no effect on the properties of femtosecond pulses and thus the GD

T (OJ) = d¢ can be calculated straightforwardly.
dOJ

A typical spectrally-resolved interference pattern of the UBCM -A on a CCD
camera is shown in Fig. 3.23. The parabolic feature of the frin ge cu rves clem·Jy
indicate U1e negative GDD. The in.homogenity of the illumination caused by the
spectral sensitivity of the camera, spectral variation of the tungsten lamp and any
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other possible contributions are removed by normalization, and then at each
wavelength the fringe pattern is fmed by a cosine function and the phase is extracted.
T(OJ) is calculated by fitting the phase to a cubic-polynomial function over a 10-nm

range m·ound OJ, and then divided by the reflection number four. The precision of the
GD is less than 0.5 fs.
The mea ured GD and transmittance of the UBCM-A and UBCM-B are shown in
Fig. 3.21 (a) and (b), respectively . Each of them indicates fairly high reflectivity Jm·ger
than 99 % and nearl y linear GD with the appropriate variance between 550 and 750
nm, as designed. There arc a few oscillations across the whole spectral range, which
arc not pred icted from tJ1 e calculation and may originate from a depositio n error. These
oscillations are not negl igib le for the application to the com pre. sian to a sub-5-fs
regime. ln fact th e pulse shortening to less than 8 fs is impossible by use of the same
type of mirrors in place of a grating pair. Because the oscillations have the opposite
phase between the UBCM-A and B. mainly due to the difference of the desi gned
bandwidth, pairing tJ1ese two mirrors effectively eliminates the oscillations as shown
in Fig. 3.24. The ODD is -40±15 fs 2 per one reflection between 600 and 700 nm and
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bas appropriate dependence on wavelength between 550 and 750 nm to correct th e

LBO

HS

790nm

phase over the ultra-broadband spectrum. This kind of cancellation of the undesired
stru ctures by use of different chirped mirrors is essential in such a broadband operation
for the shorter pulse generatio n [115] .
3.4.4. Compression to a Sub-5-f Regime
The GD compensation of the signal pulses using the above UBCMs is perfom1ed
with the combination of a 45° fused-silica pri m pair, air, and the beam splitter, as is in
Section 3.2. By the global optimization to satisfy Eq.(3.8) across the whole specu·al

CCM !
I

range, the best compression is attained in the case of a 1-m slant length and a 6.0-mm

1 20fs,400~J

IPL of the prism pair at 650 nm and four round trips (eigh t reflections) of the UBCM

1kHz,790nm

pait, as shown in Fig. 3.25.

two portions before and after the BBO . The experimental setup for the sub-5-fs NOPA

Frequency (THz)

500

450

SM

SM

I
j

Fig. 3.26. Schematic of the visible ub-5-fs pulse generator. BS, beam
sampler; HS , harmonic separator; TP, prism for pulse-front tilting; Ll , L2,
lenses for the telescope; SM's, spherical mirrors (r = 100 mm); VND,
variable neutral-density fi lter; WSM, spherical mirror (r = 120 mm); CF,
cut-off filter; D, optical delay line; PS, periscope; Pl , P2, 45" fused-silica
prisms; TBS, thin beam splitter; CCM's, corner-cube mirrors; BPF,
bandpass filter; PMT, photomultiplier; PD. photodiode.

In order to obtain the full-bandwidth amplification, the compressor is divided into

550

tfine delay

CCM

400

20~-------.------,-------,---~

is show n in Fig. 3.26. The pre-compressor is com posed of one UBCM pair in a single

10
£?
>.
ell

Q5

_ air

round-trip configuration, and the main compressor is of anoth er pair in three round-trip

- -~~-~pliite~~:~~-,· ---

confi guration and other elements. The insertion of the UBCM pait before the crystal

0

reduces th e seed chirp to a -10-fs GD difference between 530 and 770 nm , and

0.
:J

Eq.( 3.23) is sufficiently fulfilled and the full-bandwidth operation over the two

2

(9

amplification stages is enabled. As is reflected in the chirp properties of the signal and
idler in pected so far, the effects such as a SPM or a cascaded second-order process

550

600
650
700
Wavelength (nm)

750

800

Fig. 3.25. GO property of the compressor. The GDs of the total compressor
(bold so lid curve), the UBCM pair with four round -trips (th in solid curve),
the prism pair (dashed curve), air with a 4.5-m path length (dashed-dotted
curve), and the beam splitter in the FRAC (dotted curve) are shown. Al so
shown is the measured GO of the signal (fu ll circles) with the sign
reversed.
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[1 16)

eem to be weak enough under th e experimental condition. Therefore the

reducti on of the initial chirp doe not change significantly the net pulse parameters
includi ng the overall chirp property.
The pulse energy is from - 6 to 7 ).LT just after the BBO, and after the mai n
co mpresso r it is about 5 ~ - The highest tlu·oughput of -80% is attained by the
UBCM : only the reflection on the surfaces of the prisms originates the loss. The

- 69-

3. Pulse-front-matched Noncollinear Optical Parametric Amplification

2

3 4 Suh-5-fs Pulse General ion

400

600

(i)

8

:t=

c

::J

.£

.D
.....

(/)

c

~ 1
>-

6

Q)

-

c

·u;

-

(a)

-o
4
Q)

c

Q)

N

co

c

0

500

550

600

650

700

750

800

Wavelength (nm)

E
.....
0

z

Fig. 3.27. Spectrum of the signal pulses under a full-bandwidth operation.

5
Delay Time (fs)

spectrum of the signal is shown in Fig. 3.27. The spectral shape depends on the
positions of the delay lines, which are fixed to maximize the bandwidth. The FWHM

8

is as broad as 240 nm (150 THz), and the TL pulse width is 4.4 fs. The bandwidth is
slightly narrower than that reported in ref. [65]. The cut-off filter of the seed

>:!:::::

effectively suppresses the amplification around 790 nm, where the chirp ex hibits a

c

(/)

large nonlinearity (see Fig. 2.8). The collimated seed-pump beam interaction also
avoids the spectral broadening of the signal caused by the beam di vergence [101] ,

10

15

(b)

6

2
c

-o
Q)

N

which is accompanied by an undesirable spatial chirp. Careful attention to both of
these details is essential to obtain a signal compressible to the TL.
The pulse shape is measured by a FRACas is in Section 3.2.3. The pulse energy is
appropriately reduced by an iris before the measurement. Figu re 3.28 shows the FRAC
trace of the signal after the slight optimization. The sech2-fit pu lse width is as short as
3.5 fs, which is shorter than the TL width. Because of the signifi ca nt modulation of the
spectral intensity, such assumption cannot give an acc urate width [21). ln th e present
work the pulse width is es timated by Fourier-transforming the spectrum including the
wavelength dependence of the phase in two ways.

co

E 2
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0

z
0
-40
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- 10
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10
Delay Time (fs)

30

40

Fig. 3.28. FRAC trace of the compressor output (a) for l'tl < I 5 fs and (b)
for l'tl < 40 fs (r. delay time). Measured (solid cu rve), calcula ted (open
circles, see text), FT-fit (fu ll circles, see text), and secl12-fit (dashed curve)
traces are shown . The sec h2-fit pulse width is 3.5 fs, whereas the calcu lated
and FT-flt pulse widths arc 4.7 fs and 4.7±0.1 fs , respectively.

First, the phase is calculated from the properties of the meas ured GD of the signa l
Tpulse( W) and the GD of th e compressor TcompressorC W) (see Fig. 3.25). The phase ¢(w) is
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with 2 .2 cycles in the FWHM of the intensity proftle.

calculated as
( 3.24)

The difference of the intensity profiles clearly indicates the limitation in
extracting the pulse shape from a FRAC trace. The information of the phase is mainly

The scattering of the measured GD caused by the poor time resolution is smoothed by

included in the fringes of the side wings which, however, cannot be measured with

being fitted to a cubic-polynomial function. The calculated phase is shown in Fig. 3.29.

enough high signal-to-noise ratio in many cases, and the uncertainty is then caused

The FRAC trace is then constructed and indicated by open circles in Fig. 3.28.

especially in the shape of the trailing pulses. However, the pulse width which is

The second approach is fttting the measured FRAC trace with parameters of the
phase. The complicated wavelength dependence of the GD of the UBCMs are included.

Frequency (THz)
500

400

The residual phase can be reasonably assumed to have a smooth property and is
determined by fitting the trace to a cubic-polynomial function with respect to the
frequency [23,24]. Because of the use of the autocorrelation, the direction of the time

'0

~ n/2
~

axis is not determined only by this process. By comparison with the calculated phase
aforementioned, the direction can be determined. The estimated phase and fitted

0~~~~~~~--~~~~~~~~--~

Cll

fi:

-n/2
-lt

FRAC trace are shown in Fig. 3.29 and Fig. 3.28 (indicated by full circles),
respectively .

500

550

Both phase profiles show the similar behavior. The deviation is within rt/2 radian
over the whole spectral range from 510 to 790 nm. The oscillations are due to those of
the GD of the UBCMs. The large deviations in the regions for < 500 and > 800 nm are

600
650
700
Wavelength (nm)

750

800

Fig. 3.29. Spectral phase profiles of the pulse extracted by a calculation
using the GD property (solid curve) and Ff-fitting of the FRAC trace
(dashed curve). The linear dependence of the phase on frequency is
arbitrarily subtracted.

due to the limited bandwidth of the UBCMs, which are, however, less effective to the
pulse-width broadening because the spectral intensity in these regions is weak enough.
The difference between both phases is mainly caused by the uncertainty of the
measured GD without information at whole spectral range. It is also difficult to
determine the precise values of the compressor parameters such as the IPL.
The calculated and fitted FRAC traces are nearly the same shape and agree very
well with the experimental trace even in the side wings. The e timated intensity
profiles are shown in Fig. 3.30. The calculated profile gives a 4.7-fs duration, whereas
the fitted one gives a 4.7±0.1-fs durat ion. The resu lt indica tes that the phase correction
with the highest precision is attained using the prism-chirped mirror compressor and
almost TL pulses are obtained. It is the first demonstration that the UBCMs is applied
to the visible range over more than 200 THz. Note that the electric field oscillates only
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Fig. 3.30. Intensi ty profile of the compressed pulse. The TL pulse width
determined by the spectrum is 4.4 fs (thin solid curve), whereas the
calculated (thick solid curve) and Ff-fit (dashed curve) pulse width are
4.7 fs and 4. 7±0.1 fs, respectively.
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defined as the FWHM i reasonably estimated by these method with a 0.1-fs accuracy.

co mpressor. The bandwidth of the prism compressor to attain the positive ODD is not

The pulse hape and pha e can be precisely determined by other methods such as

broad enough to cover the broader idler spectrum with a negative chirp as shown in

FROG [96]. It i still quite difficult to apply these methods to the measurement of the

Fig. 3.18. For the more precise phase correction, we plan to manufacture the chirped

sub-5-fs signal pulse, which has the broadest spectrum across the visible region.

mirrors for the NIR region. The recent calculations of the OD in the dielectric

However, it is an important subject to be challenged in the nearer future.

multilayer sy tern indicates the possibility to attain the appropriate positive chirp over

As far as we know this is the shortest visible pulses ever reported, and the ftrst

the expected broadest spectral region from 800 to 1400 nm, where the ODDs of most

success of a sub-5-fs pulse manipulation using other method than the continuum-

of optical elements fall into negative [117]. Also examined is the use of a spatial-Ught

compression scheme. Those sub-5-fs pulse generations reported in 1997 are all ba ed

modulator (SLM) [118,ll9, 120,121]: it seems straightforward because the idler is

on a Ti:sappbire laser or an1pUfier, the spectra of which are mainly located in the NIR

intrinsically dispersed spa tially . The angular-dispersion compensator designed in this

and limit the versatile spectroscopic applications. The NOPA expands the spectral

work can act as a pul e shaper by arranging a SLM composed of more than 100

range of sub-5-fs pulses to the higher frequency and enables the investigation of the

elements in the Fourier plane. The SLM manipulates the phases of individual spectral

ultrafast kinetics in materials such as conjugated polymers, visual pigments, and wide

components programmably and enables the precise pulse compression. The adaptive

band-gap semiconductors with the highest time resolution.

approach progre sed recently [122,123,124,125] seems to give the practical handling

One of the outstanding advantages of a NOPA is the flexibility of the pulse width

abi lity in the experiments.

in the range longer than 5 fs by selecting some spectral portion by increasing the seed

The further improvements of the angular-dispersion compensator is also essential

chirp. For example, inserting a 1-mm-thick fu sed-silica substrate before the crystal

for the shorter pulse generation. The variation of the exit angle of the idler is mainly

narrows the bandwidth and tunable TL pulses with a 6 to 8-fs duration are generated

due to the nonlinear angu lar dispersion of the grating as mentioned in Section 3.3.1,

from 550 to 700 nm by simply scanning the delay line of the seed and adjusting the

which may be further optimized by a fine optical design using non-spherical mirrors.

prism insertion amount, as performed in Section 3.2.

The adaptive approach using a deformable mirror [126, 127] can be also applied. Much
distorted OD caused by the aberration using such optics can be acceptable because of
the high programmability of a SLM. The generation of sub-5-fs NIR pulses by using

3.5. Future Prospects

these high technologies is a great challenge, and the first achievement of a monocycle

We have investigated NOPA as a tunable shortest pulse source and th en achieved
the outstanding ability. These achievements will lead us to a new regime in ultrafast
science. The further progression of the NOPA can be foreseen and we would li.ke to

op ti cal pulse is strongly expected.
The further broadening of the bandwidth is also one of the most interesting
ubjects to be quested. Two schemes can be proposed: (l) A multi-stage amplification
with eacb stage with different noncollinear angles can amplify tl1 e different spectral

note the planning here.
The full-bandwidth operation of the NOPA also enables the further spec u·al

portions of the injected seed pulses [45,128]. The exten sion of the signal spectrum to

broadening of the idler. The bandwidth should be the same as that of the signal and a

less than 500 nm is expec ted. (2) As di cussed in Section 2.2, a NOPA can have the

sub-5-fs pulse generation is also expected in the NIR region. However, the phase

broad"st bandwidth if both of the signal and idler have angu lar dispersions to satisfy

inversion between the signal and idler makes it more difficult to design the pulse

Eq.(2. 12). This is the general ca e of the group-velocity matching between the signal
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and idler. The bandwidth can cover the wide range over the visib le and NIR (see Fig.

4 I Introduction

4. Application: Real-time Spectroscopy of Coherent

2.3). The key point to utilize this marked property is to design an angular-d ispersion
generator/compensator system, which can precisely control the angular dispersion of

Geometrical Relaxation in Polydiacetylenes

the signal and/or idler to satisfy the above strict requirement.
It is expected that the pulse energy can be scaled up to a mJ level by the
combination with a technology of a chirped-pulse OPA pumped by a Q-switched la er
[89,129]. This approach is a candidate for a visible terawatt source [130] . The pulse-

4.1. Introduction

front-m atched interaction wiU become more important in such a case of a high-energy
operation, which requires a larger beam diameter in a gain medium.

4.1.1. Polydiacetylene - One-dimensional Conjugated Polymer

By utilizing these methods we can expect the generation of much shorter hi gh-

Conjugated polymers are one of the most promising candidates for future

power optical pulses from a NOPA over the wider spectral range. It seems one of the

applications to nonlinear optical devices because of their often large and ultrafast

most promising candidates to lead us to the regime of a monocycle optical pul e (-2

nonlinear optical usceptibilities, varieties of main chains and side groups, and facility

fs). Further extensive in vestigations by world-wide researchers will succeed and the

of processing of large-area samples [131]. Optical and electronic properties of

further progress is expected to be experienced in the nearer future.

conjugated polymers have attracted enormous attention in order to understand the
characteri stic nonlinearity. Among them, polydiacetylens (PDAs) which possess the
backbone structure of a diacetylene-type configuration (=CR-C=C-CR'=). (Rand R'
are substituents, see Fig. 4.l(a)) are the most intensively studied because of their
several remarkable charac teris ti cs. The values of the third-order optical susceptibilities

tJ> exceed

9

10· e u and the relaxation is completed within a few picoseconds. These

fea tures put the group of materials on a particular position in material science. The
wide variety of sample morphologi es such as solutions, single crys tals, and thin film s
are avai lable and also enable many scientists to investigate this material by versati le
spectroscopic methods [132].
The PDAs have been modeled as a qua i-one dimensional semiconductor. The rrelectwn conju gation extended over many diacetylene units along the main chain
ori ginates the characteristi c property of the one-dimensional electronic sys tem . The
form ation of a Wanni er-type exciton associated with the Jt-Jt* transition is wellcharacteri zed and called as a free exci ton (FE) [1 33]. The oscillator strength of the
exc iton transition is substantia lly concentrated on one exci ton state (k = 0), whi ch
originates the well-defined sharp absorption peak in the visible far below the edge of
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4 I Introduction

relaxation dynamics of PDAs with no degeneracy in the ground state [131]. Kobayashi
and his co-workers have investigated several PDAs systematically [135,145,146,147,

~

148,149,150,151,152,153,154] and proposed that the initial kinetics after photoexcitation is generally dominated by a relaxation of a FE to a self-trapped exciton

R

R

(STE) [133], which is localized as a result of the lattice deformation. Because there is
no barrier for the self-trapping of excitons in one-dimensional systems [155], the

e

(c) ~

structural change following the photo-excitation is expected to take place within

few

period of the coupled vibrations [155, 156].
In pump-probe experiments of various PDAs the formation of a STE has been

Fig. 4.1. Molecular structures of a PDA backbone. (a) Acetylenic PDA, (b)
butatrienic PDA. (c) Schematic structure of a STE localized in the
butatrienic configuration.

generally observed as a photo-induced absorption (PIA) below the stationary
absorption edge (see Fig. 4.2). The broad PIA spectrum is assigned to the transition
from the STE to upper-lying nB. and/or mAg states and a biexciton state [133]. The

the conduction band as well as the gigantic optical nonlinearity.

characteristic spectral change of the PIA to a higher energy within the initial 500-fs

Another characteristic feature is the strong electron-phonon coupling. The

delay is explained in terms of a relaxation from the FE to the bottom of the potential

backbone consists of alternating single, double, and triple bonds of carbon atoms. All

urface of the STE by the emis ion of phonons, as schematically shown in Fig. 4.3.

of the stretcrung vibrations are substantially coupled to the electronic transition and

The formation of the PIA around the highest edge of the spectrum takes about 150 fs,

induce many different nonJinearities from those in most of inorganic semiconductors.

which was explained by Kobayashi et al. as the formation of a "nonthermal" STE

The electronic excitation is coupled with these vibrations, which induces not only a

[146,147,149]. The nonthermal STE repre ents the non-equilibrium state where a STE

strong resonant Raman activity [134] but various optical nonlinear processes such as

is not relaxed to the bottom of the potential surface and the binding energy remains as

Raman gain [135], inverse Raman scattering [135], phonon-mediated hole burning

the vibrational energy of the strongly coupled modes. This time con ·tant is often called

[136,137] and optical Stark shift [138,139]. and so on. The change of then bond-

as the formation time of a STE, however, it is to be mentioned that the self-trapping

orders accompanies the electronic transition by the coupling, and the resultant lattice

proces

may be completed within the vibrational periods of the C=C and C=C

deformation localized in the main chain triggers the ultrafast nonlinear response of

stretching modes ( 16-23 fs), which ha not been time-resolved. These features are also

conjugated polymers. In polyacetylenes (PAs) the creation of the localized excitation

observed in other polymers such as PAs [143,144] and polythiophenes (PTs) [157]

called soliton have been well exami ned by both theoretical [I 40] and experimental

with the time cons tants of 70-150 fs, indicating the formation of the STE plays an

studies [141,142,143,144]. The degeneracy of the ground state characterizes PAs and

important role in the initi al dynamics of conjugated polymers.

faci litates the description of the kinetics after photo-excitation.

The form ation of the STE is expected to be the geometrical relaxation from an
acety lenic structure to a butatrienic structure (Fig. 4.1) [146]. The FE movino over the

4 . 1.2. Geometrical Relaxation to form Self-trapped Exciton
Extensive experimental works have been also performed to investigate the fast

"'

acetylenic main chain creates by it elf a displaced potential via the electron-phonon
coupling and then trapped in the resultantly-fom1ed butatriene-like structure localized
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relaxation process is suppressed. In the standard blue-phase PDAs which have the
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Recent experimental [158,159,160,161,162] and theoretical [163 ,164] studies
manifest the lowest singlet state in a blue-phase PDA to be an optically-forbidden

iv,

...0

explain the characteristic low quantum yield of the order of 10·5 in these PDAs under
the conventional assumption that the lowest excited state has a B. symmetry [131].
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exciton peaks around 1.8-2.0 eV the PIA is relaxed within 1-2 ps, which is
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state lying -0.1 e V below a J 'B. FE state. The low quantum yield is then reasonably
explained by the expected radiative lifetime longer than 100 ns. The expected internal
conversion (I C) from the 11B., FE to the 2 1A8 state complicates the dynamics of the
above mentioned self-trappi ng picture [153, 154]. There has been no experimental
verification about the existence of the exciton in the 2 1A8 state. In addition, we face the

1.2

1.6

2.0

2.4

2.8

Photon Energy (eV)

-1

0

1

2

3

Delay Time (ps)

Fig. 4.2. Typical transient behaviors of a blue-phase oriented PDA4BCMU (4-butoxycarbonylmethylurethane) film at 290 K induced by a
100-fs pump pulse at 1.98 eV. {left figure) Transient absorption spectra.
The dotted curve is the stationary absorption spectrum. (right figure) Time
dependence of the absorbance change at five different photon energy. The
solid curve at 1.88 eV is the calculated trace with the formation and decay
times of 140 fs and 1.6 ps, respectively. (quoted from ref. [147])

question whether the coherence of the stretching motion coupled to the exciton can be
maintained or not through the IC process.
Owing to the recent progresses of femtosecond light sources it has become
fea ible to detect a molecu lar motion directly by usi.ng various time-resolved

in the main chain. Thu th e transverse axis in Fig. 4. 3 represents the local deformation
mode which exp lains this acetylene-butatriene isomerization . Yoshi zawa et al.
investigated this geometri cal relaxation by the time-resolved resonance Raman gain
spec troscopy of PDA-3BCMU (3-butoxycarbonylmethylurethane) and concluded the
formation of the butatrieni c structu re by observing a tran sient mode at 1200 em·'
which had a similar behavior to the PIA [152].
The relaxation of the PIA and the recover of the popu lation in the ground state are
completed within a few pi coseconds [131.). The features of the relaxation tim e
insensitive to temperature and the dependence of th e FE energy have led a tunnelin g
model between the STE potential and the ground state [ 146, 147, 149]. Around the
crossi ng the quantum-mechanical tunnelin g occurs dominantly and the radiative

Fig. 4.3. Model of relaxation kinetics in potential surfaces in standard bluephase PDA . The transverse axis is the configurational coordinate
repre en ting the local defom1ation from an acety lenic backbone to a
butatriene-like backbone.
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spectroscopic methods. There have been many reports about the observation of the

investigations of the electron-phonon coupling property in a non-degenerate

coherent wavepacket motion in small molecules in a gas phase [165] , crystalline

conjugated polymers.

lattices [166], solutions [167,168], and visual pigment molecules [169,170]. However,
the molecular vibration in PDAs is expected to be in the time scale of 10-20 fs due to
the large force constants between the carbon atoms and the observation has been a

4.2.Sample

challenging work. The first report was by Pham, Bigot, and their co-workers in 1995
[171], who observed the oscillations in a photon-echo signal of a PDA-DCHD (1,6-

4.2.1. Molecular Structure

di(n-carbazolyl)-2,4 hexadiyne) film caused by the C=C stretching motion by using

The PDA tudied is a novel ladder-polymer, poly[5,7,17 ,19-tetracosateu-aynylene

10-fs pulses. They also observed the same stretching mode in the u·ansient bleaching

bis(N-butoxycarbonyLmethyl)carbamate] (PDA-4BCMU4A(8)) [173]. The sample was

signal [172]. In both cases they reported that the wavepacket motion continued only

prepared by Dr. H. Matsuzawa and Prof. H. Nakanishi at the Institute for Chemical

for the initial 100 fs after excitation and the C=C stretching vibration could not be

Reaction Science of Tohoku University. The synthetic procedure of the diacetylene

observed during thi s period. From these resu lts they proposed a quite different model

monomer 4BCMU4A(8) is described in refs. [173, 174] . The thin film was prepared

from the one above mentioned: just after photo-excitation the transient butatrienic

from CHC1 3 solution on a 1-mm-thick quartz plate by a spin-coating method. The fiLm

configuration is undertaken and then return to the acetylenic configuration after the

was polymerized in the solid-state by y-ray irradiation with 2.5-Mrad dosage. The

excitonic dephasing (-50 fs) [171]. However, the possibility of existence of the higher-

thickness of the fiLm is 370 nm. The number of repeal units in the polymer is

frequency mode of the C=C stretching (period of -16 fs) cannot be excluded because

unknown.

of their limited time resolution. In addition, no detailed information about the
formatio n of the self-trapped state was derived because th ey could not investigate the

The chemical structure of PDA-4BCMU4A(8) is shown in Fig. 4.4. From the
high-re olution solid-state

13

C NMR spectroscopy it was confumed that the

PIA region well below the exciton energy . Thus further investigations are essentially
required to elucidate the initial photo-dynamics and to determine the geometrical

R

R

X

X

X

R

R

relaxation mechanism in detail.

In this Chapter the ultrashort pulses generated from the NOPA is applied to clarify
these fundamental processes. The highest time resolution as well as the enormously
broad spec trum of the sub-5-fs pulses show the remarkable potentiality to observe suc h
a fast process occurring within 100 fs . A surprising mu ltimode wavepacket motion
with the shortest period of 16 fs is observed for a longer period than 1 ps, which
visualizes the coherent geometrical relaxation

to a locali zed butatriene-like

configuratio·n by the self-trapping process for the first time. The transient "real-time"
spectrum of the PDAs is expected to offer a valuable information for the theoretical

- 82-
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X=+CH,+s
Fig. 4.4. Chemical structure of PDA-4BCMU4A(8).
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polymerization takes place at the both butadiene moieties and the ladder structure

excite the manifold of these vibronic states simultaneously. The spectrum is red-

composed of two PDAs linked with ethylene chains is constructed [173). The powder

shifted by -0.015 eV with respect to that of a non-ladder polydiacetylene PDA-

X-ray diffractometry also indicates that the monomer crystal transforms to polymer

4BCMU. The PDA-4BCMU4A(8) is classified as a typical blue-phase acetylenic PDA

crystal without large deterioration of their crystalline lattices [173) . The advantage of

[131).

the ladder structure is the enhancement of the third-order optical nonlinearity by
increasing the density of then-conjugated PDA chain per unit volume [175) .

4.2.3. Raman Spectmm
Resonant Raman spectra of PDAs excited around the excitonic band mainly

4.2.2. Absorption Spectmm

reflect the vibrations along the polymer chain and show simple structures despite the

Figure 4.5 shows the absorption spectrum of the PDA-4BCMU4A(8) film at room

presence of complex side groups [ 176,177 ,178). This is because only vibrational

temperature. An absorption peak appears atE, = 1.956 eY, which is the characteristic

modes which couple with then electrons delocalized over the backbone are enhanced

excitonic peak of the lowest singlet free excitons (l'Bu FEs) . The phonon sideband

due to the resonance condition. Figure 4.6 shows the static resonant Raman spectrum

structure appears at the higher photon energy, which is clarified by the second-order

of a PDA-4BCMU4A(8) film at room temperature. Experimental details are as follows.

a ~) and assigned to the sidebands of C=C and C=C at
aE

The pump source is the econd hanuonics of a CW mode-locked Nd:YLF laser (60

2

derivative of the spectrum (-

2.12 eV and -2.21 eY, respectively . The sub-5-fs pulses of the NOPA output can

mW, 100 p at 527 nm (2.355 eV)). The Raman spectrum is measured with 90°
scattering geometry on a triplet spectrometer (60-cm focal length). The resolution is
0.1 em·'. DLIJing the measurement the sample is rotated to avoid any heating effect.
The strong Rayleigh wing prevents the measurement of the Raman modes with
frequencies lower than 400 em·'.
There exist severa l remarkable peaks on top of the background due to the

1.5
<ll
(.)

c
co
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f~ =2080
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.fc;c=1455
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2.2 2.4
Photon Energy (eV)

2.6

2.8

Fig. 4.5. Absorption spectrum of a PDA-4BCMU4A(8) film (solid cu rve)
and its second-order derivative with respect to photon energy (dashed
curve). Also show n is the spectrum of the sub-5-fs pulses used for the
pump and probe (dotted curve).
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Fig. 4.6. Resonant Raman spectmm of a PDA-4BCMU4A(8) .film.
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fluorescence. Two strong peaks at 1455 and 2080 cm· 1 are modes which are generally
observed in PDAs and correspond to the nonnal stretchi ng modes of C=C and C=C

4 3 Sub-5-fs Differential Transmission Specrroscopy System

from
NOPA
Fine Delay

along the backbone, respectively [176,177,178]. These overtones and combination
modes are also observed. The relatively weak peak at 1217 cm· 1 corresponds to the
C-C stretching mode, which is sometimes attributed to a C=C bending mode (179] ,

Monochromater

because this stretching mode is coupled inevitably with a bending mode including the
double bond [134,177]. As reported in other PDAs, several weak peaks between 1000
and 1400 cm· 1 are also observed. Lewis er al. calculated the nonnal modes in several
PDAs and these modes are considered to be the modes involving complex motions of
the C-C and C=C bonds and pendant ide groups [177] . It is also possible to explain
these modes by a Fermi resonance interaction with side groups [180]. The modes

Fig. 4.7. Apparatus of the sub-5-fs differential transmission spectrometer.
TBS, thin beam splitter; SM l,SM2, r = 200- and 300-mm spherical
mirrors; lr, lris; PD. photodiode.
1~~~~~~~~~~~~~~~

below 800 cm· 1 are considered to be backbone defom1ation modes [181]. The peak at

c

698 cm· 1 bas not been clearly assigned in previous literatures. Only Bigot et al.

·u;

reported it is a torsional mode [172].

c

c

Q)

al 0.5
.!::!

4.3. Sub-5-fs Differential Transmission Spectroscopy System

ro

E
0

z
The experimental setup of the sub-5-fs time-resolved pump-probe system is
shown in Fig. 4.7. The signal pulses from the NOPA are divided

to

0

-30

the pump and

probe arms by a 0.5-nun-thick broadband beam splitter. The pump beam is intersected
intennittently by a mechanical chopper (EG&G, Model 198) at a frequency!= 158 Hz.
The probe beam passes through another beam splitter and the pulse energy is

Fig. 4.8. Intensity autocorrelation trace of the sub-5-fs pulses at the sample
position. The FWHM of the trace is 8.3 fs and the pulse wid th estimated by
ech 2-fii is 5.4 fs (sol id curve). The broadening is due to the geometrical
smearing. Also shown by the dashed curve is the calculated trace from the
estimated 4.7-fs intensity profile shown in Fig. 3.30.

appropriately reduced. The beam splitters are identical to those used in the fringeresolved autocorrelator of the NOPA (see Section 3.2.3). Both reflections occur at the

to minimize astigmatism. The time separation between the pump and probe pulses is

same air-coating interfaces, which balances the material dispersion amounts in the

changed by a fine stage (S igma-koki, P-AES-60X(IS)-20) composed both of a

pump and probe arms. The pulse compression at the sample position thus can be

mechanical stepping motor and a piezo-electric transducer. The precision of the stage

optimized by decreasing the intraprism path length in the compressor to compensate

position is ±10 nm. The probe pulse spectrum after the sample was dispersed by a 30-

only the additional path length through air. After each beam diameter is reduced by an

cm monochromater (Ritsu, MC-30N) and measured with a Si photodiode with a 5-nm

iris, the pump and probe beams are focused on the sample by spherical mirrors with r

resolution. The signal is pre-amplified and detected by a Jock-in amplifier (EG&G,

= 200- and r=300-mm curvatures, respectively, with the folding angles of less than 3°

Model 521 0) locked to

f After measuring the transmittance change

11T( w), the

4 Application: Real-time Spectroscopy of Coherent Geometrical Relaxation in
Polydiacetylenes

stationary transmittance (T(w)) is measured by chopping the probe itself without pump

4 3 Sub-5-fs Differential Transmission Spectroscopy System

are parallel to each other.

and the differential u·ansmittance (11TII) is evaluated. The broad specu·um of the probe

Figure 4.9 shows the change of the peak positions of the autocorrelation traces

pulse enables the investigation over the wide specu-al range from 1.6 to 2.3 eV. All

measured over two hours, exhibiting the accuracy of the delay time and time origin of

measurements presented here are performed at 295 K.

different decay traces. The stage is highly stabilized by a closed-loop feedback system

Figure 4.8 shows a typical intensity autocorrelation trace of the sub-5-fs pulse at
2

and the resettability is assured to be less than 100 run. Therefore it is considered that

the sample position after the prism position is optimized. The sech -fit pulse width is

the -2-fs scattering originates from the mechanical instability of the optical mounts

5.4 fs. The shape is clearly broadened from the 4.7-fs autocorrelation trace calculated

and/or refractive index fluctuation due to air flow in both arms. The amount of this

from the estimated intensity profile in Section 3.4.4. The wings on both sides are due

shift is almost inevitable in such a system using a non-common path.

to the structure of the pulse. The broadening can be explained by the geometrical

The measured decay curves are fitted using the biexponential response function

smearing (see Appendix C). In the present experiments the beam crossing angle (8•.,)
( 4.1)

is 1.5° and the beam diameters of the pump (d..) and probe (dp,) are 100 J..Lm and 80
J..Lm, respectively, which give the smearing factor 8r= 2.6 fs. For a 5-fs Gaussian pulse
the measured pulse width rPm= will then be broadened to 5.6 fs, which corresponds to
a 12-% increase and it is sub tantial for the present experiment with such a high time
resolution. All of the parameters

e,.,, d.,., and dP, must be further optimized to avoid the

reduction of the time resolution. From the above estimation the resultant time

where the first and last terms in the parenthesis mean an instantaneous response and a
long-living component, respectively. /AcCt) is the autocorrelation trace measured by the
above mentioned method. Because chirp-free pulses are used for both pump and probe,
the same autocorrelation trace can be used for the convolution with the response
function at whole probe photon energy. The instantaneous component expresses the

resolution of the system is concluded to be about 8 fs (FWHM). The pump pulse

coherent artifact [182], and then its strength should be dependent on the probe photon

energy and photon density are about 50 nJ and 2.1 X 10 15 photons/cm2 , respectively,

energy and may be affected by cross-phase modulation [183] . Thus it is quite difficult

and the probe pulse energy is about 5 nJ. Polarizations of the pump and probe pulses

lO

estimate the amount of the contribution at the zero-delay. In the present experiment

this component is reasonably introduced to best-fit the trace to separate the molecular
motion. Also wiJJ be discussed this problem below.
2
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4.4. Dynamics of PDA-4BCMU4A(8) on a 5-fs Time Scale
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Iteration
Fig. 4.9. Drift of the peak positions of autocorrelation traces. Each peak
position is determined by fitting. The overall fluctuation width is less than

2fs.

4.4. 1. Rea l-time Spectra
The time depend ence of the transmittance change in a PDA-4BCMU4A(8) film is
shown in Fig. 4.1 0. The measurements were performed at IS different probe photon
energies over the wide spectrum of the NOPA with each time step of 2 fs. The

4. Application: ReaHime Spectroscopy of Coherent Geometrical Relaxation in
Polydjacetylenes

4 4 Dynamics of PDA-4BCMJ/4AC8l on a 5-fs Time Scale

predominant feature com monly appearing in the traces is high-frequency oscillations
in addition to the underlying slowly-varying transient components. The oscillati ons are
observed over the whole probe spectral range and exhibit a quite compl icated behavior.
Figure 4.11 shows the transient behaviors with extended times to 2.5 ps at six probe
energies. The oscillations persist for a period longer than 1 ps. These behaviors are

2 .21 eV

quite different from those Bigot et al. reported [172]. They observed osci llation s onl y
within the initial 100 fs and rather weak features at the lower energy side. This may be
because non-transform-limited (TL) pulses with the longer (9 fs) duration were used in
their study. The oscillations are due to the coherent molecu lar motions which are
created both on the ground-state and excited-state potential surfaces as will be
di scussed later. The complicated structures clearly indicate the motion is composed of

...-...
(f)

several frequency components.

..~

c

The overall slowly-varying transmittance changes originate from the dynamics of

::J

the excited electronic states by the photo-excitation. The positive ignal observed for

.0

£probe

> 1.9 eV is due to a bleaching induced by the saturation of the excitonic

absorption and the phonon sidebands. Around 1.85 eV the signal is suppressed quickly
and crosses zero transmittance change around -400 fs. At lower probe energies than

1.96eV

0

.....
~ 0

t

'<:::]

1.92eV

0

1.88 eV

0

1.85eV

1.8 eV the signal becomes negative due to the photo-induced absorption (PIA). The
positive behaviors for the initial -100 fs can be assigned to the stimu lated emission
(SE). Additional features at a negative delay and around the time origin , especiall y in
the lower energy side, are due to the pump-perturbed polarization decay ( 182, 184].
coherent coupling (182), and cross-phase modulation [183] . The non-negligible size of
th e tail stmcture of the pulse (see Fig. 3.30) also enhances the artificial signal s.

1.63eV
-1

0

100

200
300
Delay Time (fs)

400

500

Fig. 4.10. Time dependence of the transmiuance change in a PDA4BCMU4A(8) film at 15 probe photon energies marked on the righ1. The
intensities are normali zed at the peak of ea h trace.
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4.4.2. Electronic Dynamics
The time dependence of the transmittance changes seems quite complicated at a
2.21 eV
1: = 56±12 fs
1
't =810±20fs

0.2
o.15

f...

f::: 0.1

0.0~~-,_~=~==~~~~~~~~~J

<J

glance by the combing effect of the electronic and molecular contributions. However,
smearing the oscillating components is possible by scanning the delay line quickly. In

2

2.12 eV
1: = 54±10 fs
1
1: = 630±20 fs
2

order to separate the dynamics of the electrons and molecular motions, the long-term
behavior of the electronic contribution is studied. It should be noted that this fast scan
also may smear the near-zero fast component.
Figure 4.12 shows the time dependence of the transmittance changes over 5 ps
with each time step of 20 fs. The behavior is similar to those of other PDAs previously
studied using -100-fs excitation pulses [146,147]. The bleaching for

f...

;:::
<J

1
0.8
0.6
0.4
0.2
0

1.96 eV
1: = 69±3 fs
1
1: = 680±30 fs
2

0.6
0.5

1.88 eV
1: = 19±4 fs
1
1: = 260±5 fs
2

due to the saturation of the absorption to the 1 Bu FE state. There is a long-living
component which exi t. even at a 5-ps delay, which is assigned to the lowest triplet

becomes faster at the higher probe photon energy. The PIA observed for

;::: 0.3
<J 0.2
0.1

Eprobe

< 1.8

eV after the initial positive signal can be assigned to the transitions from the STE to
some upper-lying state. Since the STE relaxes to the bottom of the potential surface,
the decay time becomes shorter for lower probe photon energy [147]. No long-living

o~----~~------~---------1

-0.1 f-+--+----+---+---+------i
0.2
1.78 eV
0.15
't = 120±3fs
1
l::: 0.1
1: = 1480±1 0 fs
~ 0.05
2

-0.0~~,~;;~:;:;:;::;::;;;::;::;;;::::::;;::::;;;;;;;;:,
-0.1 F---l=:::.......:....-+---+-----1---+-----'i
1.75 eV
0.2
0.15
1: = 79±2 fs
1
0.1
1: = 1480±1 0 fs
2
0.05

s
<J

> 1.9 eV is

excitons with the lifetime of several tens microseconds [151,185]. The recovery lime

0.4

f...

Eprobe

1

-~;:::::~~==============~

-0.05
,
0
-0.1 0
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Fig. 4.11. Time dependence of the u·ansmittance change in a PDA4BCMU4A(8) film with an extended Lime. The bold curves are the fitting
results by biexponential functions. The thin solid curves are the fitting
components and the resultan t parameters are shown on the right in each
frame.
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component due to the triplet excitons is observed, which is rea onable because we are
observing the hi gher photon energy side of the broad PIA [147,185]. For 1.8 eY <
Eprobe

<

I .9

eY the time dependence is complicated because of the simu ltaneous

contribu ti ons of the bleaching and PIA to the signal.
The positive signals observed for

Eprobe

< 1.8 e V are of great interest. Because the

statio nary absorption is sufficiently weak in this spectral region , it is reasonable to
a sign thi s positive signals as theSE from a 1 1B. state. This fast component is seen in
the transients for probe energy maller than -2.0 eV (see Fig. 4.10). The broadband
feature of the fast component can be explained as the transitions from the l 1B., tate to
the grou nd state (0-0) and its broad phonon si.debands (0-L) [150]. The fitting results
of th e tran smittance changes at 1.96 and 1.78 eY by using Eq.(4.1) are shown in Fig.
4.13. The recovery times of th e ground state at the FE peak of 1.96 e V are determined
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(a)1.96eV

(b)1 .78eV

1.96eV
1 000
1500
Delay Time (fs)

h
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h

1.92eV

""'~

2000

2500

Fig. 4.13. Time dependence of transmission change at (a) 1.96 eV and (b)
J .78 eV. The bold curves are the fitted curves by biexponentiaJ; functions.
The thin curves are the fitting componenrs.

1.88eV
1.81 eV
1.78eV

as 62±5 fs and 880±30 fs. Two decay constants at 1.78 eV are detennined to be 85
± 5 fs and 1.5±0.1 ps . The constants corresponding to theSE are different by -20 fs
from that at 1.96 eV, and this difference is always seen between the transients fo r £probe

1.75eV

> 1.9 eV and

1.68eV

4.4.3. Analysis of Molec ular Vibration

£probe<

1.8 eV.

For the discussion on the molecular motion, the oscillating components are to be
separa ted from the overall transient curves. We fit the trans ien t curves by Eq.(4.1) and

0

1000

2000

3000

4000

5000

Delay Time (fs)
Fig. 4.12. Time dependence of the transmittance change from -200 fs to 5
ps. The time step is 20 fs to suppress the fast molecuJar motions. The gray
solid curves are the fitting traces.

then the electronic contributions are subtracted. The time co nstants determined in the
former section are used as initial vaLues. Even with the uncertainty in the fitting
procedure ca u ed by the oscil lations, other methods such a· a low-pas

Fourier-

fi ltering [ I 86] and low-order polynomi al fitting [169] seem to be les appropriate due
to the smearing of the fast electro ni c components or the lack of the physical meaning.
Th e fitting results of the time co nstants are g iven in U1e con·esponding frames to the
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traces in Fig. 4.1 I. Figure 4.14 shows the oscillating components extracted by this

0.5

2.21 eV

procedure. In order to eliminate the substantial deviations between the measured traces

2085

0.4

and fitting functions caused by the fluctuations, the high-pass filtering with the cut-off

0.3

1462

0

frequency of 150 em·' is proces ed and the oscillating components are reconstructed.
The oscillations for

£probe

(;;
~

0.2 a_

> 1.9 eV decay within l ps and only a noise remai ns,

whereas those fo r £probe< 1.9 eV continue for longer U1an 1.5 p .

2083

0.4
(;;
0.3 ;::

The ri ght side in Fig. 4.14 shows the corresponding Fourier-power spectra
integrated from 20 fs to 1.5 p , with the lower linut constrained by the exclusion of

0

0.2 a_

any coherent effects around the zero-delay. The resolution is determined by the range

0.1

of the transformation and in this case ll em·' (HWHM). As shown in Fig. 4.9, the
mQ[ions of the mechanical mounts of optical components or refractive index

0

226

2

"~

flu ctuation due to air flow determine the precision of the delay time. The accuracy of

i2
I-'

the frequency is then estimated as - 0.1 % and is small enough to be neglected.

.::!.

2082

(;;
1.5 ;::
0

a_

0.5

The Fourier spectra clearly show the existence of two main modes of the C=C

0

(-1455 em·') and C=C (-2080 em·') stretching over the whole range of probe photon
2

energy. Also observed are the peaks around 230, 700, and 1220 em·' with intensities

(;;

;::
0

dependent on the probe photon energy. All these modes except for the 230-cm·' mode

a_

are observed in th e static resonant Raman spectrum (Fig. 4.6). A reasonable candidate
0

of the peak at 230 em·' is the mode of th e C-C=C bendin g in th e plane of th e

1.78 eV

backbone, which is typically observed in polyenes [1 87]. This mode cannot be

3

observed in the Raman spectrum partly due to the Rayl eigh sca ttering. There were also

2

(;;

;::

0

a_

few reports observing Raman modes in thi s low frequency side in PDAs [180, 188].
Bigot et al. observed only the C=C stretching mode and weak mode around 700
em·' for the initial 100 fs, whi ch was th e ground of th eir claim of the instantaneous

0

1.75 eV
"~

formation of th e butatrienic backbone stru cture by the photo-exc itation [ 171 , 172].

i2
f-'

However, our results clearly present th e stron g C=C stretchin g motion induced ju s t

.::!.

after the photo-excitati on (see Fig. 4.1 0). Also c learly different is that the coherence of
the oscillat·ion is maintained over l ps in our sllldy. Both fea tures mentioned above has

1456 2085

0.8
(;;
0.6 ;::
0

0.4 a_
-0. 04

1221

-0.08L....~........!~~..__._~~.....L..~~..L.~.._._j

0

5 00

1000
1500 2000
Delay Time (fs)

25000

1000
2000
Frequency (em·')

0.2

30~0

been discovered owing to th e hi gh performan ce of th e NOPA with the nea rly TL
shortest pulse shape, which has the duration well below the oscillation period of th e

Fig. 4. 14. Time dependence of the oscillaling components in Fig. 4.11. The
corresponding Fourier-power spectra integrated from 20 fs to 1.5 ps are
shown on the righ1.
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C=C stretching (16 fs).

exhibit an interesting feature of mode-frequency modulations. The fine structures are
we ll reproducible except for those in the spectrograms at 2. 12 and 1.96 eV. The fast

4.4.4. Spectrogram

decay of the oscillations at iliese probe photon energies prevents the preci e

The Fourier analysis of the oscillating signal over ex tended delay time range

calculation of the spectrogram at a longer delay time than 500 fs.

offers information of the averaged vibrational frequency over the range of U1e

The time dependence of the transient amplitudes and center-of- mass frequencies

wavepacket motion. It is of greater interest to study the time evolution of the

at tile three characteristic stretching modes i shown on the right side of each

frequency components, especially for the study of the ultrafast geometrical relaxatio n

spectrogram. For

associated with the self-trapping process. One of the most advantageous approach

frequencies of the C-C and C=C stretchi ng modes are modulated with the opposite

seems to be a spectrogram [189,!90], which is used to the study of the revivals of

phase to each oilier. whereas the frequencies of the C=C stretching mode show weaker

wavepacket motion in anharmonic sys tems in the gas-phase molecules such as Br2

modulations and seem to be almost independent from the other mod es. Over tile three

[1 89) and K 2 [190) .

lower probe energie · the modulations are in alma

The spectrogram is defined as
( 4.2)

£probe

< 1.9 eV the o ciUations give the similar feature : the

L

the arne pha e. Also oh erved is

the red-shifts of the freq uencie of the C=C and C=C tretching modes fom1 Raman
frequencies by -I 0 cm-1. These feature are visualizing the geometrical relaxation of
the backbone. The detail will be discussed in the fo llowing sectio n.

where WH(l) is a sliding window function. In the presen t analysis a Hanning-type

C=C

window function [191]
W"(t) =

HI+

( 4.3)

cos( ; ) ]

0.

with a FWHM !J.T of !50 fs is used. S(w, '!')represents the Fourier amplin1de spectrum
Q)

'0

at the gate delay '!'. All the reports using this technique so far were in the gas-phase

.€

0..
E

sys tems which vibrational dephasing times are much longer than ten picoseconds. By

<(

0.

1400

applying this technique to condensed-phase molecules such as PDAs, it is expected
that a dynamic behavior of the molecular moti ons may be seen at a glance as an
exchange of a loss of frequency resolution, and useful informations about
thermalization processes induced by vibration-v ibrati on energy scra mblin g among
0
0

several modes and conformational changes such as isomerization are expected to be
extracted.

200 400 600 BOO 100012001400

Delay (Is)

motion in the transient transmittance changes of the PDA . The spectrograms clearly

Fig. 4.15 (a) Spccu:ogram at 2. 12 eV. The Fourier amplitude increases
from black to wh ite. The center-of-mass frequency (so lid curve) and
integrated amplitude (dashed curve) of each stretching mode are shown on
the ri ght. The thin da. bed lines indicate the corresponding Raman
frequency positions meas ured in the tatic resonance R:unan scauering.
The bandwidth for the integrati on is 200 cn1 1 (also in Fig. 4.15 (b)-(e)).
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The spectrograms S(w. '!') of the oscillating components in Fig. 4. 14 are shown in
Fig. 4.15, which well expresses the time-frequency dependence of the molecular
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4 5 Discussion

4.4.5. Phase of Oscillations
It is aJ o important to elucidate the energy dependence of the phase of each

4.5. Discussion

stretching mode over the wide spectral range. Fourier transformation is performed with
an integration range from 100 to 500 fs to separate the contributions of the initial FE
state. Because the mode frequencie

4.5.1. Internal Conversion to Self-trapped 2 1A 8 State

are modulated, each phase is obtained by

a eraging the angular part of the complex Fourier amplitude with the bandwidth of
200 em·' around 1220, 1440, and 2060 em·'. There ults for the three stretching modes

The behavior of electronic components after the photo-excitation seems to be well
explained by the conventional self-trapping model [146,147,149]. The -80-fs time

< 1.8 eV can be explained by the suppression of the SE

are shown in Fig. 4.16. The size of error is determined by the precision of the zero-

con tants ob erved for

delay (2 fs). The behavior of each pbase is quite similar, presenting the phase

and the creation of the STE. Yasuda et al. extracted the SE spectra in a PDA-C4 UC 4 (R

retardation on bolh energy ides, as clearly observed in Fig. 4.1 0. Also shown is th e

= R' = (CH

phase of the 230 em·' mode averaged over a 150-cm·' bandwidth, which is well
observed in the bleaching signaJ e pecially for

Eprobc

> 1.9 eV (Fig. 4.14). It also shows

the similar probe energy dependence. These facts offer an evidence that the phase
changes over the probe energie does not originate from any chirp of the pump and

2) 4

Eprobc

0CONH(CH 2) 3 CH 3) oriented fJJm by using a technique of probe

sat uration spectroscopy and explained that the 140-fs decay constant of theSE is due
to the self-trapping from a FE to a STE [150]. Yoshizawa et al. reported an upconver ion experiment of a blue-phase PDA-3BCMU cast film and observed a 130-fs
decay of a weak fluorescence [192]. Present experimentaJ observation is quite
consistent with the e results, except for the shorter lifetime partly due to the high time

probe pulses.

resolution.
However, it is difficult to explain the fast damping time of 60-80 fs if the STE has
the Bu symmetry. The most probable explanation of the 60-80-fs process is an internal
conversion (IC) to the lowest singlet 2 1A8 state. A theory indicates that in polyenes

300

including PDAs a 2 1A8 state becomes below a 11B. state with the increase of the repeat

0,200

support this prediction . It wa. observed that a weak two-photon fluorescence

Q)

units by a strong electron correlation interaction [163]. Experimental results also

Q)
Q)

~
Q)

UJ

excitation spectrum exists below the edge of the linear absorption spectrum in a

100

diacetylene oligomer, indicating that it has a 2'As state -0.2 eV below the l 'B. state

ro

.s::
0....

[158]. Spec tra of the third -order susceptibility

0

have a! o revealed thi s property

[159,161]. The recent experiment of a broadband third-harmonic generation of a PDA-

1.6

1.7

1.8
1.9
2
2.1
Photon Energy (eV)

2.2

Fig. 4.16. Probe photon energy dependence of the phases of the vibrations
of C-C (open circles), C=C (full circles), and C=C (full squares) stJ·etching
modes. Also shown is that of the phase of the mode at 230 cnf' ob erved at
the higher probe photon energy (open triangles).
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TPCLP (8-( 4-bromophenylthio )-5,7 -oc tadiyne-N-(p-chlorophenyl)carbamate) oriented
film clearly show. the cnhancemelll of the third-order nonlineru- susceptibility, which
is wel l explained by the two-p hoton resonance to a 2 1A& state -0. 1 eV below the J'B.
FE [162]. Today the picture that a 2 1A8 state exists below the 118., tate in PDAs is
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After the IC the PIA from the self-trapped 2 1A8 state becomes dominant. The final

widely accepted [153,154, 161 ,164] .
We use the term "2 1A8 state" since there is no experimen tal verification of the

state of the PIA may be possibly a n 1Bu state. The PIA decays with the time constant

existence of exci.tons in the 2 1A8 state [153) . Tanaka er aL. calculated the property of an

of 1.5 ± 0.1 ps. This lifetime can be well explained by the tunneling model, in which

exciton in a 1A8 symmetry and obtained the wavefunction of a charge-transfer-type

the lifetime of the self-trapped state is characterized and determined by the FE energy

exciton, the electron and hole existing at the nearest neighbor sites with the largest

[149,154]. The recovery of the ground-state population observed as the decay of the

amplitude [193) . This feature seems to well express the picture of a STE (Fig. 4.l(c)).

bleaching signal (880±30 fs at 1.96 eV) is faster than the decay of the self-trapped

However, it is to be noted that their prediction that the 2 1Ag exciton is lying more than

1
2 A8 state. This is because in the self-trapped state a part of the populatio11 with the

0.7 eV above the l'Bu FE is contradictory to the present model. Zerbetto reported a
calculation about the structure of a diacetylene oligomer c,.H 8 by an ab-inito and
QCFF/Pl methods [194], which indicates that the 2 1A1 state has nearly a butatrienic
structure while the 11B11 state shows the medium property between the acetylenic and
butatrienic structures. In the case of a PDA with an infinite main chain, the change of
the rr bond-orders will be reduced by the spread of the excitation to a few units by
charge transfer [193]. It may, however, be reasonable to assign the 2 1A8 state to be th e
f!Dal geometrically-relaxed state in the butatriene-like configuration localized in the
main chain.
1

The model is as follows. A photo-generated 1 Bu FE is self-trapped and converted
to a l'B u STE within the vibrational periods of the stretching modes (10-20 fs) , as
mentioned below. The broadband SE corresponds to the transitions from the 11B"
FE/STE to the ground state and its broad phonon sidebands. TheSE is quickly-damped
by the IC to the nonf!uorescent self-trapped 2 1A8 state' with a -60-80-fs lifetime. The

higher kinetic energy can relax to the ground state through a path without the potential
barrier or with a very small barrier height [149,154]. The reason why the recovery time
becomes faster at the higher probe photon energy is unknown.
The stationary fluorescence then originates only from the u·ansition from the
initial L1Bu FE/STE with a 60-80-fs lifetime. Because the radiative lifetime estimated
from the oscillator trength of the 11Bu FE transition is a few nanoseconds [153], the
characteristic low quantum yield of the order of 10·5 in blue-phase PDAs [131] is
quantitatively explained. There is no contribution from the following nonfluorescent
self-trapped 2 1A 8 state, which i then returned to the ground tate via the nonradiati ve
tunneling process.
4.5.2. Origin of Coherent Molecular Motion
As clearly seen from the Fourier pectra in Fig. 4 .1 4. the oscillating components
are due to the creation of the wavepacket in the adiabatic potential urfaces. Because

longer lifetime of theSE in the lower photon energy may represent the dynamic Stokes

the wide range of the ab orption spectrum including the phonon side bands (see Fig.

shift before the IC. The time constant of -60-80 fs is considered to be reasonable if

4.5) is excited coherently with the negligible phase distortion over a 150-THz (5000-

we compare it with the previous study by Kandori et aL. [195], who determined the
time constant to be -200 fs for the nonradiative transition of S2 ( 11Bu) --> S 1 (2 1A 8) in

cm"1) range, the manifold of quantized vibrational levels are coherently added and

~-carotene

with the gap energy of -0.4 eV.

constitute th well-confined nonstationary vibronic states which describe the classical
nuclear motions. The complicated multimode motions on the potential surfaces should
be depicted by multi -dimensional coordinates. As far as we know the oscillations with
a period of 16 fs due to the C=C stretc hing is the shortest among many works of the

· In the case of absence of excitons in a 2' A, state, it may be appropriate to use the term
"geometrically-relaxed 21A, state" in place of "self-trapped 2 1A, state". ln thi s thesis the term
"self-trapped 2'A, state" is used for simplicity.

coherent molecular motion. In the temporal picture, it means that the excitation is well
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within the Born-Oppenheimer approx imation even for such a high-frequency nuclear
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4 5 Di scussion

motion. The shortest excitation pul se can minimize the defusing of the wavepackets on

dominant, are of interest with different features. The strong wavepacket motion is kept

the potential surface within the excitation.

for more than 1 ps, and it has a maximum amplitude around the delay time of 100-300

In general wavepackets are created on both the electronic ground and excited-state

fs. This behavior strongly indicates that the wavepacket is created on the potential

surfaces. The former process is induced by impulsive stimulated Raman scatteri ng

surface of the self-trapped 2 1A 8 state. The red-shifting features of the transient

(ISRS) [196,197]. This process originate from the broad spectrum of the femtosecond

oscillating frequencies from the static Raman frequencies are also consistent. The

pulses which can cause the stimulated Raman process within the bandwidth of one

previous experiment investigating the resonance Ram an excitation profile of a PDA-

pulse. In the resonant case it has been shown that the ground-state wavepackel is

PTS (2,4-hexadiyne-1,6-diol) crystal exhibited the 30-60-cm·' frequency down-

dominantly caused by the coherent interaction with the excited state, which transfers

conversion of the three stretching modes in the l'Bu state with respect to those in the

the momentum from the instantaneously sliding wavepacket formed on excited-state

ground state [178]. However, there is no observation about the vibronic property of the

surface to a "hole" wavepacket on the ground- tate surface [ 196, 197] . This ground-

2 A8 states. A theoretical calculation about C 14 H8 indicates the similar change between

state wavepacket sometimes dominates the oscillating signal in the differential

modes in the ground and 2 1A 8 states, except for the up-conversion of the C-C modes

transmission [169], therefore it is of vital importance to determi ne the origin of the

by 6 em·' [194]. In the case of a PDA the smalJer frequency change is expected by a

oscillation to investigate the ultrafast dynamics.

spread of the excitation. It is of great interest to see that the coherence of the initial

As discussed in the former section the behavior of the electronic components well
indicates that the photo-generated 11Bu FE state is self-trapped and then experiences

1

wavepacket motion on the 11Bu surface is transferred to the self-trapped 2 1A 8 state via
the IC without substantial degradation.

1

the IC to the nonfluorescent self-trapped 2 A8 state. This process is well reflected on
the quickly-damped SE with the time scale of 60-80 fs , then followed by the
appearance of the PIA from the self-trapped 2 1A8 state to the upper-lying n'Bu state.
Therefore the in itial strong oscillations observed in theSE (see Fig. 4.10) dominantly
represent the molecular motion in the 11Bu STE. The quick appearance of the
wavepackets clearly indicates the self-trapping process occurs within 10-20 fs.
Because the transi tion from a 2 1A8 state to a 11Ag ground state is optically-forbidden,
after the IC the wavepacket motion on the excited state is not expected in the
bleaching signal. As shown in Fig. 4.10, the behavior of the tran sm ittance changes for
£probe

> 1.9 eV clearly supports this expectation. Just after the photo-excitation, the

well-contrasted strong oscillations are created and rapidly damped after only a few
o cillations, together with the annihilation of the SE. The weak oscillations then
continue for - 1 ps, indicating that the wavepacket motion in the ground state is driven
by the ISRS.
On the other hand, the oscillation behaviors for

- 106-

£probe<

1.8 eY, where the PTA is

C-C,C=C,C:=C

Fig. 4.17. Expla nation of the probe photon energy dependence of the phase
of the oscillations in each species after the internal conversion. For
simplicity the surface of the STE is written by gray line.
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4.5 Discussion

The interpretation of a coherent molecular motion is strongly supported by the

coherently summed and then after 80 fs the wavepacket is reconstructed without a

probe energy dependence of the phases of the oscillations shown in Fig. 4.16. The

substantial di tortion. From the above finding it can be concluded that the curvatures

behavior can be clearly separated to two regions with the opposite slopes. The phase

of the two potential surfaces are equal to each other. This is supported by a calculation

should be dependent on the probe photon energy due to the wavepacket motion on the

about C,4Hs [1 94] , which shows the mode-frequency differences of the three stretchin.,.
0

potential surfaces, as schematically depicted in Fig. 4. 17. Here the n'Bu tate is thought

modes are all less than lO em·' between the J'Bu and 2 1Ag states. After the IC, the

to have the displaced potential with respect to the self-trapped state. Thus the energy

wavepacket motion is kept for -I ps and decays via the nonradiative tunneling process

separations between two of these potentials have the different dependence on the

to the ground state [149].

nuclear positions. The PIA at a higher photon energy becomes stronger when the

It eems that the vibrational dephasing time of each mode on the ground and self-

wavepacket is clo ed to the original 2 1Ag state, whereas that at a lower photon energy

trapped state can be determined by the time dependence of the oscillating amplitude.

becomes weaker. Therefore the oscillations of the PIA at the higher energy side of

However, because the damping lime is strongly dependent on the initial formation

-1.85 eV is 180° ahead of those at the lower energy side of -1.6 eV. ln the similar

conditions such as the phase of excitation pulses [186, 198,199], it is not appropriate to

way, the oscillations of the bleaching in the transition from the ground state to the

extract the vibrational lifetime or dephasing time from this kind of experiment of a

excited state is expected to reverse the phase between -1.85 and -2.2 eV. In this case

real-lime molecular motion [186]. In fact, the dephasing Lime of the C=C stretching

the observed -250° retardation seems to be slightly larger. Bardeen et a/. observed the

mode in the ground state was reported to be longer than 8 ps in a cast fi lm of red-phase

phase retardation of 270° across the absorption band in dye solution [186]. In their

PDA-4BCMU, which was measured by coheren t anti-Stokes Raman spectroscopy

case the oscillating signal is composed of the wavepackets in both the ground and

[200]. The long-living features of the oscillations in the PIA may possibly indicate that

excited states, thus the enhancement is expected to take place when both wavepackets

the dephasing time is nearly the same as or longer than the 1.5-ps lifetime of the self-

evolve out-of-phase. In the present case the si tuation is different because Figure 4.16

trapped state.

represents the behavior after the initial lOO fs when the wavepacket in the 11Bu state is

4.5.3. Stretching-Mode Coupling with Bending Motion

annihilated. The probable explanation is that around the boundary region (1.8-1.9 eV)
the signal is composed of the two transitions between the ground and 11Bu states and

A. clearly observed in the spectrograms (Fig. 4.15), the instantaneous mode
are modulated after the photo-excitation. This interesting feature is

between the 2 Ag and n Bu states, which is also expected to introduce the excess phase

frequencie

retardation.

observed for all probe energies, but in the bleaching the oscillations suffer from a

1

1

The stretching modes coupled to the excitons are the driving force of the self-

quick damping which prevents a reliable observation. For

Eprobc

< 1.9 eV the

trapping process, and the relaxation energy triggers the wavepacket motion in th e self-

modulations are mainly due to the wavepacket motion in the selJ-trapped state. The

trapped states. Experimentally it is of no doubt that the wavepacket is generated in the

long- living feature is advantageous for the investigation of this modulation. The fine

self-trapped 2 1Ag state by the coherence transfer from the wavepacket generated in the

structures of th e dynamic mode-frequency changes can be well reproduced and show a

l'Bu FE state. It is interesting that the oscillations do not decay through the IC. To

similar behav ior acros · the PIA region. In Fig. 4.18 the center-of-mass mode

explain this . feature il can be considered as follows. The wavepacket in the l'Bu state

frequencies and con·esponding integrated amplitudes at 1.75 eV are shown again.

leaks on both sides of the potential surface, then in the 2 1Ag state every leak is
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modulated out-of-phase from each other. On the other hand, the C=C tretching mode
(vo.c) seem to behave relatively independently, and the relative modul ation depth is

4 5 Discussion

Oo)
8 and 2- 8, respectively, where 8o and 8 (Oo <

prediction. It may be appropriate to describe that then bond-orders of the C=C (I and C=C (2-

Oo) bonds decrease to

I -

also smaller than the former two modes. These features can be explained by the self-

8 < 1) are then bond-orders of the C-C bond in the ground state and equilibtium self-

trapping, which deforms the acetylenic backbone structure (=CR-C=C-CR=). to the

trapped 2 1A 8 state.

butatrienic structure (-CR=C=C=CR-). localized in a few units in the main chain. The

The Fourier spectra of the frequency modulations in the three modes are shown on

stretching mode coupled with the exciton drives this isomerization, and after thi

the right side of Fig. 4.18. Ve-e and Ve=c have modulation frequencies at 230 cm· 1 and

process the coherent nuclear motion stays around this local deformation. In the local

around 130 em·'. This -230-cm·' frequency is also observed in the coherent

butau·ien.ic unit there are only the C-C and C=C bond , so that the above dynamic

wavepacket motion, especially for

property is concentrated on these two modes. Actually, the bond alternation may partly

a signed to a planar bendi11g mode of C-C=C bonds. This lies in the typical frequency

occur since we can observe th e smaller red-shifts of the mode frequencies than th e

range of the CCC bending modes of olefines and alkynes [187]. From recent ab-iniEO

£probe

> 1.9 eY (see Fig. 4.14). This mode can be

calculati ons, it has been shown that these bending modes have large Franck-Condoo

O=c

acti vi ti es in molecules such as octatetraene (C 8H 10, 220-400 em·') [201] and

3 ,-......-.---,-.-...--,..--.---,--, 2200

diacetylene oligomers (C 14 H 8, -160 cm· 1) [194] as prototypes of the PAs and PDAs,

2150

respectively. Even though the dimensionJess displacements (B factors) between the
ground and excited states are the same orders as those of stretching modes, these
contributions have not been clearly ob erved experimen tally in the absorption,
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importance has not been noticed.
Even though the bending mode has such a low frequency, the wavepacket motion

..0

has not been ob erved in any of previous reports on the time-resolved spec troscopic
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nuorescence, or resonance Raman spectra due partly to the low freq uency, and the
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studi es of PDAs to our knowledge. The coupling featme was firstly and only observed

/'

(f)
~

~
0

0.

'

O.
0

.

o

1

-;- ,\<··-.. ;/···r··. 1150

~ 01~~~~~~~~~~~~~

...

200 400 600 800100012001400
Delay (1s)

1100

by Nunzi et al. [188] . They performed a dynamic hole burning spectroscopy [182,184]
of a blue-phase PDA-4BCMU film and observed the creation of holes at both sides of

Q)

50 1 00 150 200 250 300 350 400
Freque ncy (em·')

the exciton energy with the sepaJation of 290 em·', which was explained by the planaJ
bending mode in the backbone. A large Franck-Condon factor was estimated from the
hol e depths even though the corresponding Raman peak was quite weak (188). This
mode may correspond to the 230-c m·• mode observed here. The frequency change may

Fig. 4.18. Propenies of the freq uency oscil lations of the stretchi ng modes
at 1.75 eV. The instantaneous frequencies (solid curves) and amplitudes
(dashed curves) are shown for the three modes. On the ri ght show n is the
Fourier power spectra of these osci llations of C-C (solid curve), C=C
(dashed curve), and C..C (dashed-dotted curve) stretching modes after
eliminating the offsets.

4BCMU4A(8). Our result is th e first observa tion of the coherent wavepacket
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be ex plained by the linkage of the two backbones by methylene chains in PDA-

formation of thi s bending mode.

4. App!jcatiOO' Real-time Spectroscopy of Coherent Geometrical Relaxation in
Polydjacetylenes

~

---~··~c~c-GFC:::-:.._L
~, - -Llo +Llo
+Llo -Llo

~c--

Y+

(a)

--:::::::
c;:.:.:::::

~

~

ill

.......... .

Vc=c-Li v~
self-trapped state

4 5 Discussion

con tain a clear o cillations corresponding to this bending motion .
The frequency modulations of Ve-e and Ve:c. on the other hand, clearly indicate
the formation of thi s bending motion after the geometrical relaxation to the butatrienelike configuration. Because the equillbrium positions of the carbon atoms and the bond
angle of C-C=C are different from those in the acetylenic configuration (202], the
coherent vibrations of the su·etching modes and the C-C=C bending mode continue till
thermalization. The self-trapped state is not thermalized before the tunneling to the
ground state, and these nuclear motions are then well observed for -1.5 ps. In such
non-equilibrium states tbe bending motion perturbs botb force constants of the C-C
and C=C tretching modes. Figure 4.19 illustrates the mechanism. For simplicity the
case of a fully butatrienic structure is considered, with the position of the single and
double bonds alternated. If the bond angle is decreased, the bond-order in tbe C-C

self-trapped state

bond is increased while that in the C=C bond decreased, which causes the
corresponding frequencies to be up-converted and down-converted, respectively. In

Fig. 4.19. Bending motion around the lattice defom1ation created by the
self-trapping. The butatriene-like backbone is locally constructed, which
has a large kinetic energy through the coherence transfer from the FE, and
the stretching and bending motions are active. Between the states with
different bending angles ((a) and (b)) the force constants of the C-C and
C=C bonds are different, resu lting in the modulation of the" bond-orders
and the bond-length. Thus both of the frequency and amplitude are
modulated by the bending motion. The right pictures are the schematic of
the corresponding instantaneous potentials projected to the coordinate
representing the C=C distance, which explains the change of the transition
probability due to the force-constant modulation. The frequency and
amplitude experience out-of-phase oscillations with each other.

the opposite case the changes are reversed, resulting in the out-of-phase modulations
of Ve-e and Vc=c· The out-of-phase property between each amplitude and frequency can
also be easily explained as foJlow . The potential curve intersected along the
correspond ing normal coordinate is modulated by the bending motion: in the case of a
larger frequency of the stretching mode, the potential curve is steepened and the
amplitude of the wavepacket motion is confined , which is reflected on the !JTIT as a
smaller o cillation amplitude by the reduction of tbe overlap integral with the upperlying state.
The amounts of the modulated bond-length and bond-orders can be estimated

For

Eprobe

< 1.9 eY the Fourier peak around 230 em·' is weakened and di sappeared

from the frequency modulation. Lewis eta/. introduced an empirical relation [177]

at 1.75 eY, even with the long-living oscillations (see Fig. 4. 14). However, the large
( 4.4)

Franck-Condon activity of this mode can create well-confined wavepackets both on
the ground and excited-state potential surfaces especially due to the long osci ll atory
period ( -150 fs). After the self-trapping and IC, the excited-slate wavepacket can still
remain by the mechanism mentioned before. If the Franck-Condon factor or this mode
between the self-trapped state and the upper-lying state is small, the PlA signal cannot

where the stretching force constant K,1 berween two atoms i and j is related to the
bond-length r,r The parameters r0 = 0.106 nm and 8 = 1.65xt0·8 N were evaluated in
th e case of PDA-PTS. Batchelder et al. estimated K;/S in the excited state a· Kc-c =
474 N/m and Kc=c = 48l N/m [178]. Here the subscripts denote the bond
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acetylenic configuration.

7.6 %.

The mode frequenciy "i generally depends on all the force constants including the

l

bending modes. Because the modulation depths of

Veac

and bending modes cannot be

measured, we assume the coupling between the two stretching modes is important, i.e.,

ave"'
D.Vc-e)= aKc-c
( D. v C•C
[ av c-c
aKC-C

avc-e
aKc.c
av c-c
aKc-c

These estimations are based on many assumptions. First, we use the values of
PDA-PTS investigated in detail because there is no such experim ents about PDA4BCMU4A(8). Second, in ref. [178] Ku's and ru's in the excited state were estimated
by measuring resonance Raman excitation profiles, which only reflects the molecular

(t>,.Kc-e)·

1

( 4.5)

Mc-c

structure in the 1 Bu state and includes no infom1ation about the 2 1A state. Third, the
8

av
values of - - ' in the ground state is used with the assumption of Eq .(4.5). Finally,
aK,,

The differential coefficients av! are given in Table 3 in ref. [203] for a PDA-PTS

aK"

Dewar's relationship used in ref. [176] is based on the assumption that in determining
bond-length 7t-election resonance is much less important than hybridization when

. a ground state and ave-c
ave-c -012
ave-c
crystal 10
- = 057
. ' -a--. ' -a-·
- -031
- . ' and aave-c=
aKC-<:
'K c-c
'KC-<:
KC•C
0.77 mJN. e m. There is no information about the excited state, which limit us to use

only one clas ical structure of the molecule can be written [204]. The n-electron
re onance is, however, to be non-negligible in a strongly electron-conelated system
such as a PDA. lt hould be noted that the present analysis only gives the zeroth-order

these coefficients for the first calculation.

approximation .

The modulation depths Llvc-c and Llvc=c are evaluated as standard deviations of
the instantaneous frequencies in Fig. 4.18 yielding both - 16 em·'. Eq.(4.5) then gives

As mentioned before the isomerization is not perfect and the backbone may be
on ly "butatriene-like". The C=C bond is remained in the center of the butatriene-like

the modulation depths of the force constants (LlK;/S), and from Eq.(4.4) the modul ated
bond-lengths are estimated as Llrc-c

rc-c

=rc=c =0.14 nm in

=±0.0026 nm

and Llrc=c

= +0.0025

unit with the reduced bond-order and also vibrating. However, because the bond is not
nm. Using

the excited sta te [178], the relative modulations of rc-c and

rc=c are ±1.9% and +1.8 %, respectively.
The modulation of the n bond-orders are estimated by using the simple
relationship between the mode frequency and bond-order derived by Baughman et a/.
[176]. They investigated n-electron delocalization in many PDAs with different
Raman frequencies of stretching modes. Empirical relations for the bond-lengths of
sp-sp and sp 2-sp2 bonds were used the mode frequencie s were tabulated with respect

connected with the bending part of C-C=C, it may experience negligible effects by the
bending motion and evolve almost independently. Th e modulation amounts of the
bond-lengths and bond-orders mentioned above may be overestimated because of the
a sump tion of a perfectly delocalized structure Cre-e= re=c) between the acetylenic and
butatrienic configurati ons. In fact it is a quite difficult problem to determine the
amounts of th e bond-orders in the 2 1Ag state.
As far as we know, thi is the first observation of the diabatic coupling between
normal modes via the vibration of other modes. This phenomenon is expected to be

to the n bond-order 8 of a C-C bond. The obtained coefficien t dvc=cld8 =512.4 c nY1

broadly observed in such a photo-excited non-equilibrium system in the shortest time

in the case of Dewar's relationship [204] well exp lained the mode-frequency

scale.

distribution of the C=C stretchin g. If this is also valid in the 2 1A8 state of a PDA4BCMU4A(8), the modulation depth Ll8 is given as ±0.031 from Llvc=c· In the case of

rc-c = re=c = 0. 14 nm , 8 = 0.41 [204] then the relative modulation is estimated as
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4.5.4. Coherent Geometrical Relaxation
As we have discussed above, we cou ld visually observe the ultrafast geometrical
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relaxation process in the PDAs for the first time. Figure 4.20 presents the elucidated

other via the bending motion. The coherent self-trapped state is then damped

feature of the dynamic self-trapping shown with the potential urfaces. The photo-

nonradiatively via th e tunneling process at the crossing with the ground state with a

generated FEs are coupled with the carbon stretching mode and quickly self-trapped

1.5-ps decay time.

1

1

within 10-20 fs. ThelC from the 1 B, STE to the 2 A 8 state follows with the damping

We inves tigated PDA-4BCMU4A(8), which is one of the various PDAs. Because

of theSE with a time constant of 60-80 fs. The wavepacket motion in the self-trapped

the dynamics predominantly originates from the electrons confined along the main

2 1A 8 state is transferred coherently from the FE via the

rc

without any degradation.

chain, the PDAs are known to show the common kinetic independent from the side

The self-trapped (geometrically-relaxed) 2 A 8 state is the final state of the photo-

groups and sample form, with only the exception of red-phase PDAs [153]. It is

1

1

isomerization, being expected to have more butatrienic configuration than the I B,

believed that the coherent motions of the C=C and C=C stretching along th e backbone

state. The non-equilibrium self-trapped state is characterized by the coherent stretching

act as the driving force of the

and bending motions around the constructed butatriene-like backbone localized in th e

butatrienic confi gurati on. The present result will offer a va luable information about the

main chains, where the C-C and C=C bonds exchange the vibration energy with each

geometri cal relaxation and encourage the theoretical inves tigations of the election-

elf-trapping and the geometrical change to the

phonon and electron-electron interactions in non-degenerate conju gated polymers. for
the quantitative understanding of this characteri stic coheren t features.

PIA
1 0-20fs

~

acetylene-type

Fig. 4.20. Model of the geometrical relaxation dynamics in PDAs
elucidated in this work.
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flexible pul e width and bandwidth, which is believed to be the most useful lioht
0

·ource for ultrafast spectroscopy of various materials. The properties of the broad
bandwidth and shortest durations are quite useful for the real-time observation of an
Noncollinear optical parametric amplification (NOPA) has been investigated for
ulu·afast molecular vibrational dynamics and structural change in photo-chemical
the generation of extremely hort optical pulses. The noncollinear geometry can realize
reactions. These features will open the door to explore unknown phenomena on an
a group-velocity matching between the signal and idler, which is equivalen t to an
achromatic phase matching with the spectral angular dispersion, and the broadest gain
bandwidth is attained. The basic principle is demonstrated in an OPA based on a

~

BaB204 crystal. It i shown that the pulse-front tilting accompanying the noncollinear

interaction limits the pulse-width shorteni ng. A pulse-front-matching geometry is
introduced and transform-limi ted sub-8-fs pulse generation is succeeded wi th the
advantageous

tunability

between

550

and

700

nm.

The

ang ular-dispersion

compensation of the idler realizes sub-9-fs pulses also in the near-infrared. The
shortest 4.7-fs visible pu lses are achieved by a compressor composed of a pri sm pair
and customized chirped mirrors wi th the bandwidth of broader than 200 THz. The
NOPA is the first tunable sub-10-fs pulse generator as well as the first sub-5-fs light
source by other methods than th e conventional continuum-compression scheme. Also
remarked is the future prospects of this NOPA.
The NOPA is applied for the investigation of the ultrafas t geometrical relaxation
process in polydiacetylenes. A high-frequency long-living wavepacket motion is
observed, which contains vibrations of the three carbon stretching modes and a planar
bending mode. Both features of the electronic and mol ec ular dynamics indicate th e
coherent relaxation from a free exciton to a self-trapped state within 80 fs via the
internal conversion from a 11B. state to a 2 1Ag state. The time-frequ ency analys is
visualize the coherent geometrical relaxation and the highl y vibronic non -equilibrium
state is characterized by the instantaneous mode frequency and amplitude modu lat ions
at 230 cnl' 1• This feature is well ex plained by th e diabati c co upling of th e stretchin g
modes via the vibration of th e planar bending mode in th e local butatriene- li kc
backbone. J:h is is the first observation of such diabatic molecular motions.
The NOPA has many advantageous aspects such as a tunab ility, pul se energy,

extreme time scale, and will lead to a new regime in ultrafast science.

Appendix A. Pulse-front Tilting

Appendix A. Pulse-front Tilting

ang le ysatisfying the relation

ct:.T
B C dn
tany=--=---A.d
d
d).'
An ultrashort pulse has a thin volume in which the electric field exists. For

( A.3)

where ci is the beam cliameter after the prism .

example, a 100-fs pulse has only a 30-Jl.IU tbickne s. On the other hand, the beam cross
The relation for a prism with an apex angle IX,pe, and the Snell's law are
section in general is an order of miJ!imeters. Thus the time-space coupling across the
( A.4)

cross section by some di tortion of propagation can give a tilted pulse volume from the
wave front. This is called as a pulse-front tilting, resulting in a pulse-width broadening
and spectral lateral walk-off.

sin¢, =nsinljl,',

( A.5)

sin¢, =nsin¢,' .

( A.6)

As a simple example, we consider a pulse propagation through a prism (Fig. AI)
[84]. The beam I and 2 are rays propagating along both edges of the cross section. As

Differentiating Eq.( A.5) and using Eq.( A.4) yield

d¢,'

a basic principle of the wave front,

aq,,.

a;t=- dA

AB+AC=nB C ,

( A.l)

where n is the refractive index of the prism . Because the pulse propagation in the
prism is described by the group velocity u
'

=

c
, a time difference is caused
n- Adnjd).

tan¢,' dn
=-n-dA.'

( A.7)

for ¢ 1 = const.. Similarly, by differentiating Eq.( A.6) and using Eqs.( A.4) and ( A.7),
we obtain

a....

o¢,
sin
dn
()). = cos¢,' cos¢, d).

( A.8)

across the cross section:

t:.T= BC
u,

AB+AC =- B C). dn
c
c
d).'

By substituting Eq.( A.8) into Eq.( A.3) and using the geometrical relations
( A.2)

where Eq.( A.l) is used. Therefore the pulse front which is defined as "the surface

d =A C cos¢, and B C cos¢,'= AC sin a,,., we obtain a simple formula
tan y =-A. o¢, .

(A.9)

()).

coinciding wi th the peak intensity of the pulse" [86] is tilted from the wave front by an
Thus it is shown that the angular dispersion caused by the deflection at a prism
originates the pulse-front tilting.

General Formalism
It can be generally said that an angular dispersion generated in a pulse propagation
corre ponds to the pulse-front tilting. A generali zed discus ion is presented below
based on the description by Martinez [85,205] . A "dipersor" which generates an
angu lar dispersio n can be characterized by the relation

t:.¢,

=77t:.¢, + Kt:.W,

(A. 10)

Fig. A. I . Schematic of the pulse-front tilting by the propagation through a
prism. ¢ 1, ¢ 1', external and internal incident angles; ¢ 2 , ¢;, external and
internal exit angles.

where the deviation of the exit angle 11¢1. = ljl2 - ¢20 is expre sed by both deviations of
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the incident angle L1¢1 = ¢ 1 - ¢ 10 and the angular frequency L1ro =
order. The parameters 17 and

K'

w-

% to the fll·st-

characterize the dispersor. In the case of the example

X2

mentioned above, from Eqs.( A.4)-( A.6) yielding

dl/!,
dl/!,

77=-=-

cos¢, cos ¢2'
cos¢,' cos ¢2

and from Eq.( A.8) and w

( A.ll)

'

di/J,

?..' di/J,
sin a,,.,
?..'
= - - - · =dw
2nc ()?..
cos¢,' cos¢, 2TrC

IC=-·

dn
d?..

( A.l2)

We consider the propagation property of the ampUtude a(x, y, 6w) defined as the

w=

spectral component at

Fig. A.2. Origin of the phase changes by passing through an arbitrary
d1spersor (D). The exit angle change L1¢,_ is caused in the case of {a) the
lllCJdent angle change L1¢, (t.a> = 0) and (b) the angular frequen cy change
L1a> (.6.¢, = 0).

=2TrC/?.. = ck

6ro + % of the electric field at a point (x, y) on a plane

conservation under the divergent beam propagation. More generalized derivation of
Eq.( A.l6) is also given in ref. [205] .

normal to the direction of propagation z. Here we assume the angular dispersion occurs

xz

only in the

plane. The dependence of the amplitude on y is that given by

propagation in free space and is included explicitly only when necessary for the

A Gaussian spatial profile is assumed for the input beam [206]:
a ,(x,,y, t.w)=a, (t.w)exp- k(x ' +)•' )],
[
2q(d. )
2

( A. l7)

discussion. We use a xi-axis normal to each direction of propagation.
with
Figure A.2 explains the phase changes at the dispersor (a) for the incident angle
change L1¢ 1 and (b) for the angular frequency change L1ro, originating the exit angle

. kcr'

q(z)= z + t -

k(sin 6¢, · x, +cos 6¢, · z,)

where

=k(6¢,x, + z,)

( A.l3)

whereas that by the exit beam is similarly given by k(61/J,x 1 + z,). For Z1> z2 ~ 0, both
phases should be equal to each other, then 6¢,x, = 61/i, x, , yielding
= 6 1/J,

X
I

6¢,

=

X
1

di/J,
d¢,

=

X
2

Ja, (x,, y,t.w)e·»udt.w

=c,

w is

Ja,(ryx,,y,t.w)exp[i(kKX, -t)L'.w]dt.w

= c, exp[ -

k(1)

( A.l5)

= 0. From Eqs.( A.l4) and ( A.l5), we obtain the relation ship betwee n the

=c,a, (x, , 6ro) exp(ikmOJX.,) = c,a, (17x,, 6ro) exp(ikmOJX., ).

2

2

2

+ y'
q(d. ).

X,

( A.l6)

a, (t.w)exp[i(kKX, -t)6w]dt.w.

We consider the case of a Gaussian temporal profile for the envelope function
( A.20)

yielding

A set of constants {c;) is u ed thereafter for simplicity desc ribin g the energy
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( A.l9)

)]J

A, (t) = A0 exp( -1 ' f'r,' ),

amplitudes of the incident beam a 1(x" 6ro) and the ex it beam alx2 , 6ro):
a, (x,, 6ro)

defined positive if it is located before the dispersor. The temporal amplitude is then

( A.14)

k6¢,x, = klffiOJX 1

z2

2

is the lle radius for the beam waist and d0 is the position of the beam waist,

given by

2

Similarly for (b) the phase experienced by the spectral component at

for

CJ

A1 (x, ,y,t)=

T/X •

( A.l8)

2 '

change L1¢z. For (a), the phase experienced by the incident beam is
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a, (tHlJ) =

JA,, (t)e'.., dt =a exp[- '~' (L'.w)' J.

( A.21)

0

is that the beam propagating distance is much smaller than the confocal parameter, i.e.

By sub tituting Eq.( A.21) into Eq.( A.l9) we obtain the expression of the pulse-fronttilted temporal amplitude:

ld,l« nu' /-1.

and

ld, -1]'zl« nu' /A. The coefficient

q(d,)/q(d0

-1]'z)

is then

q(d, )/q(d, - TJ 'z) =1- 2i 11' z/ ku'.

) [ ( )']

2

A,(x,,y,t)=c, exp(-i

well-collimated beam propagation used in most practical experiments. This condition

k7] x '+y '
kKX - 1
qCd.)
exp-----::2

( A.22)

·

The cross term x 2t clearly represents the time-space coupling. The delay of the time for

( A.27)

In thi case Eq.( A.26) is rewritten as
a,(x, , z, l'.w) = c,a,

(~w)exp[- :: (x,- mwz)' }xp[-i k~'z (~w)' + ikKX,L'.W

the peak intensity at x 2 is L'.T = kKX,. The tilt angle y from the wave front (x2Y plane)
normal to the direction of propagation is then given by the relation

ci'.T

( A.23)

2m

a-1.

( A.29)

is derived. The group-delay di persion (GDD) is then given by

tan y =-A. a¢,

( A.24)

a-1.

again. In this way it is shown that Eq.( A.9) is a formula general ly satisfied in the
pulse-front tilling generated by an arbitrary dispersor.

a'¢ = -kK'z = _ _!!_(a¢)' z.

aw'

2nc'

( A.30)

a-1.

The sign of the GDD is always negative, presenting the characteristic feature of a
GOD by an angular dispersion [92]. The GDD is proportional to the propagation

Propagation Property

distance

Eq.( A.22) represents the amplitude at the dispersor ju ·t after the deflection. The
amplitude at a distance z propagating from the dispersor is described by the Kirchho[fFresnel integral in an approxi mate form:
a ,(x,,y,, z,L'.w)

lateral walk-off. The phase with the characteristic quadratic term
)' =--2kK'zc w-w. )'
kK'zc ~w.
¢(w)=--2-

a¢, -1.' a¢,
b .
K = - = - - -·, weo tam
aw

( A.28)
The first exponential describes the effective spectral filtering at each point by the

tan y = - - = ck1c
x,
By substitutin"0

J

z from

the di per or. However, if the beam divergence is non-negligible, i.e.,

the plane-wave approximation given in Eq.( A.27) is invalid, the GDD contains the
terms with the complicated dependence on z. The inclusion of the higher-order
deflection of the angular dispersion in Eq.( A.LO) can describe the higher-order

=~ I a, (x,, y,, l'.w)expg: [Cx,- x, )' +(y, -

y,)'] }ctx,dy, .( A.25)

dispersion such as a third-order di spersion.
The temporal envelope is given by

Inserting Eqs.( A.l6) and ( A.l7) yields

(.kx,' ) [ .

kq(d,)
(
)' ]
a,(x,,z. ~w)=c,a,(L'.w)exp t""2;' exp - t2 zq(d,-17'z) x,-K~liJZ '

A,(x,,z, r)=
( A.26)

where c3 includes the minor position dependence.

= exp[-

I

a,(x,z,L'.w)e ·' dl'.w

(I~:·)' ]exp[iC(I - 1,,)'] exp[-i£(1-1

where

Eq.( A.26) expli citly presents important charac teristics. The spectral lateral wa lkoff after passing through the dispersor is expressed in the parenthesis. We consider a
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0

)]

exp(

TJ'x,'
(1+u ) CJ

)
, f(x , z),

( A.31)
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_(2T]KZJ

U-

1

( A.32a)

'

err.

As indicated in Eq.( A.32b), the pulse width is broadened by the propagation
because of the effective spectral narrowing due to the lateral walk-off and of the GDD
by the angular dispersion. C represents the resultant positive chirp, whereas t: gives the

, [
4k ' K" z' ] '!" , ,
-r·=(l+u)+,
0
"• (1 +u)

( A .32b)

po ·ition dependence of the spectral component along the cross section.
ln the pulse-front matching geometry in the present work a 45° fused-silica prism

kKX

!()=--',

( A.32c)

l+u

2

C-

2kK Z
- (l + u)-r.'-r'

is u ed with a 49° incidence angle. In this case from Eq .( A.8) and ( A.9) the tilt angle
generated at the prism is 2.3°. From Eqs.( A.ll) and ( A.l2) 7J = -0794 and

( A.32d)

'

3

8.3xl0· fs. On the expe1imental condition of
resulting in

u x,
l+u KZ

£=--- ,

( A.32e)

and fix, z) is a mi nor function representing th e change of the curvature. The picture in
the time domain is obvious. The pulse-front tilting is described by

t0

in Eq.( A.32c)

z = 23

m for

u=

=

K

u- 2 rom and -r0 = 150 fs, u = (0.044d

l. The changes of the tilt angle and pulse width are hown

in Fig. A.3, clearly indicating the changes are small enough even at

z=

1 m. However,

if the tilt angle is larger and the pulse width is shorter, the distortion becomes nonnegligible just after the di s per or [85] .
Magnifica ti on of Tilt Angle

and we obtain the tilt angle as

The Lilt angle can be changed by an imaging optics. If the dispersor is placed on

ct0
ckK tan Yo
tany (z ) =
-=-=--,
x 3 l+u
l+u

( A.33)

the objective plane of a telescope with a longitudinal magnification factor M, the
temporal amplitude on the image plane is given stricUy by

where y0 is the til t angle at the exit of the disperser given by Eq.( A.23). Thus the ti lt
angle is decreased as u increases, i.e., as the pulse propagates away from the disperser.

A,(x, ,y,, t)

=c, A,(-Mx,,-My,, t)

+y,'J

-_ c,c, exp(-·kr)'x,'
1
/
,
2q(d0 ) M·

For example, a 10° tilt angle is decreased to 5° at u = I .

exp

[-(MkKX,
r.

+tJ']

.

( A.34)

The beam diameter is then reduced by the lateral magnification factor M- 1• whereas the
~ 2. 0

400~

0,

~
3 0 0 :5

~ 1.5
1.0

<{

""
i=

tan y' = -MckK = -M tan y.

( A.35)

"0

(!)

g>

transferred tilt angle y' is given by the relation

200

3:

(J)

- ------ --------- ------ --- ---------- -

0.5

10 0

"3
(L

0 ·8·L.1~~~-'-'-'-'-1-~~._._,_.j
1 L0~~~'-':'":
1Q8

Propa ga tio n Dis ta nce

z (m)

Fig. A.3. Propagation property of a ti lted pulse on the present experimental
condition. The tilt angle (solid curve) and pu lse width (dashed curve) are
shown. The initial values at the prism (z = 0) are 2.3° and 150 fs,
respectively.
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Thus the ti lt angle i magnified with the direction reversed.

(!)

Refrac tion a t Boundary
The tilt angle is also changed whe n the ti lted pulse is injected to a med ium (Fig.
A.4). Because the distortion of the tilted pu lse by propagation is in most cases small
enough as me ntioned above, we consider the ampli tude of the incident beam as a 3 (x3 ,

=0, tJ.w)

z

given in Eq.( A.28). The relation with the amplitude of the refracted beam

a5 (x5, t:..w) in the med ium (refractive index n) can be derived in the same way as in
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procedures from Eqs.( A.l9) to ( A.22) as

Xs
( - t. k(1]1)' n.x,)'
_
A, (x,,y,t ) -c,exp

+y') [

exp- (knx,(l(1)' +K'
"·

2q(d.)

)-t)']

,

( A.41)

which represents the delay of the peak intensity !1.T = kn(l(1)' +K" )x,. Using the group
velocity U8 in the medium the Lransferred tilt angle'( is given by
tan y'

= v,!1.T = v,kn(l(1)' +K") = ckKn(1]' + K') v,
/(

~

c

( A.42)

= rtany,

with

Fig. A.4. Refraction of a tilted pulse in a med ium.

Eqs.( A.l3)-( A.l6) with sli ght differences. From the Snell's Jaw sin ¢,

=n sin¢,, we

obtain the coefficients in Eq.( A.lO) as

. a¢,

__ ( 1), +K')v-, _cos¢,
--

1 -11

K

c

cos¢,

(I +"'0

dn
sin¢, )v,
dA.co¢,tany c'

( A.43 )

where Eqs.( A.23), ( A.36) and ( A.37) are used. Considering A.dnjdA. = 0.02-0.2 in

cos¢,

1)=-= - - - .
a¢, n co ¢,

( A.36)

typical media, we obtain a simple formula
tan y' =

v
_L

c

tan

r.

( A.44)

( A.37)
in the case of a small incident angle. Note that the change of a tilt ang le by refraction
The phases of th e external and intern al angl e changes 11.¢3 and 11.¢5 are equalized as

k11.¢,x, = k!1.¢,nx,.

( A.38)

is described not by refractive indices but by group ve locities. This fonn ula can be also
derived straightforwardly from the geometrical rel ation in Fig. A.4.

It should be noted that the optical path is used for the refracted beam. Substitutin g
Eq.( A.36) yields

a¢,
a¢,

.

x , = -nx, = 1) nx,.

( A.39)

The amplitude of the refracted beam is then obtai ned in analogy with Eq.( A.l6):

a, (x,, !1.w) =c,a, (x,, z =0, 11.w) ex p(ik K' !1.Wiu,)
=c,c,a,(r]' nx,,z =0,11.w) ex p(ikK" !1.W11.x,)
= c,c,a, (!1.w) exp[ -(

(A40)

1)1)~zx, )'] exp[ik1zx, (1(1)' +K' )!1.w ].

where Eq.( A.28) is substituted . The temporal amplitude is obtained similarly by the
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Appendix B. Ray-tracing Formalism of Group Delay
in a Prism Pair and Grating Pair
For the design of a pulse compre sor, conventionally u ed is e limination of each
Taylor-expanded terms of the pha e such as the group-delay disper ion (ODD) and
third-order dispersion (TOD) at a center frequency. However, if the phase has a
complicated frequency dependence, this approach seems inappropriate. This is
especially when the compressor is composed of chi rped mirrors, which some times

Fig. B. I . Wavelength-dependent phase shift by refraction in a slab. The
thin lines represent the wave fronts.

have non-neglig ible oscillating struc tures. As discussed in Section 3.2.2, a g lobal
ca ncellation of the group delay (OD) over the spectrum is useful for the compressor
design in a sub-10-fs regime. This approach has been applied in previous works (20,21 ,

where k is the wavevcctor in the slab, l is the angle which k makes with AB, and l is
the distance of AB. The optical path length is

P(A.) =53_ ~(A.)= nl cos e.

23,24,93] and is used thoroughly in the present work as is in Chapter 2.

( B.2)

w

The OD as a function of wavelength is obtained by a ray-tracing analysis, which
Then the OD and ODD are given by
includes the wavelength-dependent refraction, diffracti on, and refractive index.
Differentiating the accumulated phase along the op ti cal path gives the OD. Here th e

d~ 1 ( ?(?..)-?..dP) =-l ( ncose-A.-cose+n?..-sine
dn
de
)
T(A.)=-=dco

c

dA.

c

dA.

dA.

'

( B .3)

description is based on geometrical optics, equivalent to a plane-wave approximation.

If the beam divergen ce is non-negligible, the wave experiences a phase shift with more

GDD(A.)= d' ¢ =_!j_ d ' P
dw ' 2nc' dA.'

compli cated dependence on the propagation dista nce as indi cated in Appendix A. ln
most practical applications in cluding the present work, the compressor is introdu ced
for a well-collimated beam with th e propagation distance much shorter th an the

A.' [d'n
. dn de
(de)
. -d'e] l.
= --,
--:;-;-cose-2sme---ncose
- ' -nsme
2;rrc·

d"

ciA. dA.

When AB is parallel to k at the center wavelength,

dA.

( B.4)

d?..'

e= 0, yielding

confocal parameter. In this case th e OD of a prism pair or a grating pair is g ive n as an

I
T(A.., )=~I [ n,-A., (dn)
dA. • ] =;,-·

analytical fo rm, as presented below for the co nvenience of rapid applications.

( B.5)

Basic Descrip tion
Martinez eta /. derived the OD originating from a refrac tion in a gene ral fo rm by

_ A.,J
GDD(A.,)- 2;rrc '

[(d'") - ll,(de)']
dA.' •

dA. • l,

( B.6)

use of geometrical optics [92]. Consider the p.lane-wave propagation refracted by a
slab of refractive index n (Fig. B . !). Th e ph ase shift suffered by the wave propagatin g

where 0 denotes the ce nter va lu e and vg is the group velocity. Eq.( B.6) c lear ly

from A to B is

represents the property of th e ODD by refraction. The first term expres es the material

~(A.)=

2n
k · AB = kl cos e = --:f nl cos e,
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dispersion and is positive in a normal dispersion. These ond term orig inate fro m th e
( B . L)

re fraction and always nega tive irrespecti ve of the sign of deld?... If the slab is vacuum
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A.'
(n = 1), Eq.( B.6) reduces to GDD(A.) =- nc'
2

(de)'
dA. l, which is equal to Eq.( A.30)

BC=AEfcos¢, =lsin8fcos¢,,

( B.J 0)

BC si n a ,,..= CD cos ¢, ' .

( B.ll )

in Appendix A.

The IPL is the distance of CD at the center wavelength. Then from Eqs .( B.lO) and

Prism Pair
The optical path length P(A.) given by Eq.( B.2) is valid also in the case of an

( B. l1), we obtain

arbitrary prism pair arranged in anti-paral lel with each other (Fig. B.2) [91,92]. ln this

X=

e. sin a.,..

( BJ2)

COS ¢,.' COS ¢20

case n = I and 8 .: 0. Considering the round-t:Jip propagation for elimination of the

By using Eq.( B.8) at the center wavelength,

angular dispersion, the GD given by Eq.( B.3) reduces to
21 ( cosB+A.dB .108.
)
T(A.)=c
dA.

sin

1---"-------'!:-'-

( B.7)

For the sake of convenience, let us express Eq.( B.7) by a slant length I and an

e = ,r

11

0

then

_n.
= stn
. _, (x cos¢,.'
'Y2t,
. cos¢,. J ,

I

( B.13)

sma,,..

eis ex pressed as

intraprism path length (IPL) x wh ich is defined as the path length in the prism at the
center wavelength. Defining '¥as the ang le which AB makes with the normal vector

B(ll)=sin -' (x cos¢,.' cos¢,. ]+¢,. -¢,(/l).
I
SID a.,.

( B.l4)

of the exit surface of the first prism yields
By substituting Eqs.( B.9) and ( B.l4) into Eq.( B.7), we obtain the exact form of

B(A.) = 'P- ¢,(/l).
Here angles ¢I> ¢ 1',

~.

( B.8)
¢/ are defined as in Fig. A.l. Then we obtain

dB=- d¢, =sin a,,.,
dn
dll
dll
cos¢,' (ll) cos¢, (A.) dll
By geometry (see Fig. B.2),

the wavelengU1-dependent GD with parameters of I and x. Angles ¢ 1'(ll), ~(ll), ¢ 10 ',
and

( B.9)

~0

are obtained from Eqs.( AA)-( A.6) fo r an arbitrary incident angle ¢ 1• In the

case of the minimum deviation used thoroughly in the present work, ¢ 1 =

~0

and ¢ 10 '

=~0 ' = a.f"'/2 [207].
Gratin g Pair
In the case of a grating pai r (see Fig. B.3), Eq.( B.2) is invalid. Because of the
property of the diffraction, there is each phase delay along the direction CB on the
surface of these ond grating. The amount is 2nm per each step of ruling for the m-th
order diffraction [90]. The phase shift is then given by
wP(Il)

BC

wP(Il)

¢(/l) =- - - 2mn- = - - - 2mnbG tan(y- 8),
c
a
c

( B .15)

where a is the grating co nstant, b = Lla is th e grove density, y is the inciden t angle, and
G is the gratin g eparati n. The optical path length along PABQ is [90]

P(ll ) =
Fi g. B.2. Geometry of a prism pair. The incident angle ¢ 1 is consta nt for all
A.. For the more details of the calcu lati on of P(A.). sec ref.[91] .
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G
(I + cos 8).
cos(y- 8)

( B.l6)
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Appendix C. Geometrical Smearing of Two-beam
Crossing
In the interaction of femtosecond pul es with a finite noncollinear angle there lies
a fundamental problem of a pulse-front mismatch. The mismatch causes the pulsewidth broadening because of the time-space coupling over the beam eros sec tion. In
Chapter 3 we have introduced a tilted-pump geometry to a noncollinear optical
parametric amplification and the pulse-front matching between the pump and signal is

Fig. B.3. Geometry of a grating pair. For the more details , see ref. [90).

au.ained. The non-tilted signal amplification enables the compress ion to the transformlimited pulse. In the up-conversion (autocorrelation, cross-correlation, etc.) or the

The grating equation is
sin(y -

e)+ sin r =mbA,

( B.l7)

introducing prisms (209] or gratings (210] in either or both of paths of two beams.

then

However, it is rather complicated to control the pulse-front tilt before the crystal or

de
mb
-=----d).

simil.ar pump-probe-like interaction, the pulse-front matching is also possible by

( B .l8)

cos(y-e)

the sample. In addition, e peciaUy in the case of a sub-10-fs pulse interaction, the
pulse-width broadening a

well a

the nonlinear tilt caused by the insertion of

By substituti ng Eq.( 8.16) into Eq.( B. IS) and using Eq.( 8.17), we obtain the well -

dispersive elements would become significant ( ee Section 3.1 and Appendix A). Here

known formula

the broadening effect of a pulse without any tilt-control is estimated in the case of an

T(J..) =

d¢
dw

= P(J..).

( 8.19)

c

autocorrelation . This type of smearing of the delay is well known and even utilized for
. ingle-shot-type measurements (211,212,213]. Similar results are also introdu ced in ref.

This s imple relation between the GO and P(A.) was also derived from a Fermat's

[95,96] for an frequency-resolved optical gating.

principle for a grating (208]. The GD and GOD by a round-trip propagation are
,
2G(l+cose(A.))
T(IL) =
(
) ,
ccos r-e(J..)

d'¢ 1 dP
GDD(J..)=-=--=
dw'
c dw

The schemati c of a two-beam interaction i shown in Fig. C. I. The pulse 1 at the
( 8.20)

A.' m' b'G
A.' (de)'
2G
= - -, rrc' cos'(y- e)
2m: dA. cos(y- )

e

point A precedes that at 0, then the electric field is written a

( B.21)

( C.l)

The GD as a function of A. can then be calculated by use of Eq.( B.l7). The
characteristic negative GOD by refraction g iven by Eq.( 8.6) is obtained aga in with n

where

= 1 and l = 2Cfcos(y -e).

u&,

c'"cnvclopc

and

w, and k are the

£""'" 1" are the envelope and spatial profile function, respectively. u,
phase velocity, gro up velocity, angular frequency , and~ avevec tor,

respectively. For simplicity, the pulse shap

is assumed to be Gaus ian with a
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where

•

,
J

e

d
a -= !+ 2u,Ttan2

[

·

( C.5)

Becau e the autocorrelation function of E enveJope(t) is equal to itself, exp(-r'/T'), Tis
artificiaUy increased to aT. The measured pulse width

-rPmcas

is then given by

1:,""" =-J2 1n2aT= ~r,' +81:',
where

Fig. C.l. Schematic representation of the geometrical smearing due to a
noncollinear interaction. SFG, sum-frequency generation.

01: =~In

2

!!_tan~.

2 u,

Gaussian spatial profi le, i.e.,

E.,~,,,. (f)

oc

exp(-

J

~', £"""" (r)

where T = r .f-J2In 2.

-rP

Note that the velocity is a group velocity in the medium, which differs from ref.
oc

exp(-4

~: ).

( C.2)

or "'
where

P,"'(r,t;r)ocJP"'MJ' ociE,E,I'

{Tn2 d . e,..

vs

c

( C.8)

•

e., is the external noncollinear angle.

In the case of a 5-fs pulse, this geometrical smearing is a severe problem. For

=E"~,,,:(t+ ~ sin~)E,.~./(t-r- ~ sin ~)£~,01:( (xcos~)' +y'}

( C.3)

= 3' and d = lOO ~m.

or is as large as 5.1 fs and the measured pulse width will then

is used. The correlation intensity f Ac(r) is given as

as small as possible to maintain the highest time resolution. Examples on variou
practical experimental conditions are listed in Tab le C.l.

the integrated emitted energy. Substituting Eq.( C.2) into Eq.( C.3), we obtain
I .c(7: ) oc

I II

dx dy dtlP.,0 (r ,t;7:)1'

oc

III

dx dy de

Xo+ :.(<+ ~ ,;,H-:.(,_ ,_:. ,mHJ,P[-I{(xoo,~)'
=canst. x

'•

d

5 rs

I OO~m

+ y' ]]
10 fs

exp(-~).
a·T·

100 J-llll

(JCXI

1.50
30
10°
1.50
30

wo

rom""
5.6 fs
7.2 fs
17.9 fs
10.3 fs
11.2 fs
19. 8 fs

r.

d

e.,

!' meas

100~m

1.50
30

100 fs
100 fs
101 fs
103 fs
11 2 fs
198 fs

100 fs
I mm

wo
1.50
30
10°

0

Tab le C. I . GeometTical smearing on various experimen tal conditions.
( C.4)
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e.,,

be broadened to 7.2 fs. Therefore the no ncollinear angle and beam diameter should be

where p .,.., is the induced second-order non li near polarization. T he red uced time

zjv,) cos( e;2)

e is

small , Eq.(C.7) reduces to

and dare the pulse width (FWHM) and beam diameter (lle2),

the cross section, so that the power of the sum frequency emitted at r is

t f- t - (

( C.7)

2

[95,96] in addition to a numerical coefficient. Assuming that u, "'u = c In and

respectively. The pulse 2 delayed by r from the pulse I has the reversed relation along

coordinate

( C.6)
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