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1. Introduction

To gain a complete understanding of a chemical reaction it
is necessary to determine the structural changes that occur to
the reacting molecules during the reaction. Chemists have long
dreamed of being able to determine the molecular structure
changes that occur during a chemical reaction, including the
structures of transition states (TSs). Using ultrafast spectros-
copy to gain a detailed understanding of chemical reactions
(including their TSs) promises to be a revolutionary way to
increase reaction efficiencies and enhance the reaction prod-
ucts. These are difficult to do using conventional methods that
are usually based on trial and error. To confirm the molecular
structures of TSs predicted by theoretical analysis, chemists
have long desired to directly observe the TSs of chemical
reactions. Direct observations have been realized by ultra-
fast spectroscopy using ultrashort laser pulses. Our group has
been able to stably generate visible to near-infrared sub-5-fs
laser pulses using a noncollinear optical parametric amplifier
(NOPA). We used these sub-5-fs pulses to study reaction
processes (including their TSs) by detecting structural changes.
We determine reaction mechanisms by observing the TSs in a
chemical reaction and by performing density-functional theory
calculations. In this paper photoisomerization in bacteriorho-
dopsin is described as an example of chemical reaction. Based
on the results of the present study, it is concluded that the first
process in the photophysical dynamics in bR is the deformation
of the retinal configuration which decays within 30 fs near
the C=N bond in the protonated Schiff base. It is followed by
C=C stretching and then torsional motion of several periods
around the C13=C14 bond. This mode is as short as 30 fs, which
corresponds to only 1.5 times the oscillation period (20 fs).
This means that electronic redistribution, which occurs imme-

diately after excitation (<2 fs), triggers rapid oscillation of
C=N stretching. After a few oscillations, the energy is trans-
ferred to C=C stretching.

2. Femtosecond Pump Probe Experimental Setup Using
Noncollinear Optical Parametric Amplification (NOPA)

2.1 Basics of Ultrashort Pulse Generation by Non-
collinear Parametric Amplifier. In the following is a
detailed description of the basic physics and technologies
needed for the generation of ultrashort visible pulses which
provide a powerful light source for time-resolved spectroscopy.

Optical parametric conversion has drawn great attention
from scientists in the last decade since tunable broad band
ultrafast laser pulses in ultraviolet (UV),1 visible and near-
infrared (NIR)2­27 regions can be generated. It has grown to
wide application especially in ultrafast time-resolved spec-
troscopy.

Utilizing the second-order nonlinear polarization effect in
nonlinear crystals, optical parametric amplification (OPA) has
been realized. The energy conversion from intense pump light
(½p) to weak signal (½s) takes place and an idler ½i = ½p ¹ ½s

is simultaneously generated through the second-order non-
linear polarization. Generated idler from vacuum continues to
be coupled with pumping and amplifies the signal with the
frequency of ½s = ½p ¹ ½i accordingly. In the beginning, the
intensity of pump is much higher than that of signal, along
with light propagating through nonlinear crystal, the process
mentioned above acts continuously and the energy of pump
couples to signal and idler, consequently this is optical
parametric amplification. It can be considered to be a down-
conversion processing.

In the case of OPA, pump, signal, and idler must meet the
energy conservation:
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½p ¼ ½s þ ½i ð1Þ
In order to achieve the best conversion efficiency, wave

vectors of pump, signal, and idler should meet the momentum
conservation:

~kp ¼ ~ks þ ~ki ð2Þ
where ½j and ~kj are the angular frequency and wave vector with
the suffixes j = p, s, and i corresponding to the pump, signal,
and idler, respectively.

The phase matching condition in wave corresponds to the
momentum conservation in photon in parametric processes
including OPA. Typically, phase matching can be satisfied in a
birefringent material where the polarizations of the fields and
the orientation of the crystal are selected.4,28 This technique is
called angle tuning. BBO (¢-BaB2O4) is a desirable nonlinear
optical crystal especially in UV and visible light range due
to its unique features: wide transparency, phase matching
ranges, large nonlinear coefficient, high damage threshold, and
excellent optical homogeneity.29,30 For uniaxial crystal, accord-
ing to the polarization, phase matching is classified into two
types: Type-I phase-matching, when the polarizations of signal
and idler are in the same direction and Type-II phase-matching
when the polarizations are perpendicular. In the negative
uniaxial crystal BBO, a type-I (e ¼ o + o) OPA is more suita-
ble for an ultrashort pulse generation than a type-II (e ¼ o + e)
OPA because of the smaller group velocity marching (GVM)
and larger effective nonlinear coefficient.4,11,28 Therefore, it
provides an attractive solution for various nonlinear optical
applications. Phase matching can also be classified into
collinear phase matching and noncollinear phase matching
according to the propagating direction of pump, signal, and
idler. Collinear phase matching usually is applied in pico-
second laser systems, because it is easy to achieve higher
conversion efficiency when the three waves propagate through
longer interacting distance. However, in femtosecond laser
systems, not only phase matching but also GVM must be
considered to obtain ultrafast pulse, therefore nonlinear phase
matching which can provide more parameters to optimize
phase matching and group velocity dispersion (GVD) is
preferred in our work.

2.2 Broad Band for Phase Matching Condition in Type-I
BBO Crystal. The phase mismatch along the pump direction
is written in a scalar expression as

�~k ¼ ~kp � ~ks cos¡� cos¢ ð3Þ
where ¡ is the noncollinear angle between the wave vectors
of the signal and pump, while ¢ is the noncollinear angle
between the wave vectors of idler and pump. The relationship
among wave vectors of pump, signal, and idler is illustrated
in Figure 1.

When �~k ¼ 0, phase matching is satisfied and parametric
gain reaches maximum, when �~k 6¼ 0, parametric gain
becomes lower. If in a certain range of wavelength, change
of signal wavelength only causes very slight variation of
�~k, the gain of signal would not decrease much, and the spec-
trum are amplified effectively. The band width of this range is
called parametric band width. The broader band width can sup-
port shorter pulse width according to Fourier transform prin-

ciple. Therefore the broadening of the parametric band width is
an essential condition to obtain a sub-10-fs light source.

By Taylor expansion in powers of wavelength around the
central wavelength ­s, ¦k is given by

�~kð­ Þ ¼ �~k0 þ
@�~k

@­ s
�­ s þ

1

2

@2�~k

@­ s
2
ð�­ sÞ2 þ . . . ð4Þ

Here, ¦­s = ­ ¹ ­s and �~k is mismatching of three waves
at the central wavelength and �~k ¼ 0 in respect that at this
wavelength, phase matching is satisfied. Therefore phase
mismatching much depends on the second term at right side
of equation. It can be considered that if @�~k

@­ s
¼ 0, change of

signal wavelength ­s has little effects on �~k thus broad
parametric band width can be obtained.

According to Figure 1, the momentum conservation in eq 2
can be expressed in a scalar form in horizontal and vertical
direction respectively

kp ¼ ks cos¡þ ki cos¢ ð5Þ
ks sin¡ ¼ ki sin¢ ð6Þ

Phase mismatching can also be written in the two directions as

�k== ¼ kp � ks cos¡� ki cos¢ ð7Þ
�k? ¼ ks sin¡� ki sin¢ ð8Þ

If signal wavelength is the only variable quantity, pump
wavelength and noncollinear ¡ angle can be treated as con-
stants, the derivation of eqs 7 and 8 are calculated as

@�k==
@­ s

¼ � @ks
@­ s

cos¡� @ki
@­ s

cos¢þ ki
@¢

@­ s
sin¢ ð9Þ

@�k?
@­ s

¼ @ks
@­ s

sin¡� @ki
@­ s

sin¢� ki
@¢

@­ s
cos¢ ð10Þ

Equation 9 multiplied by cos¢ plus eq 10 multiplied by sin¢
to obtain:

@�k==
@­ s

cos¢þ @�k?
@­ s

sin¢ ¼ � @ks
@­ s

cosð¡þ ¢Þ � @ki
@­ s

ð11Þ

As discussed above, if @�k
@­ s

¼ 0 is satisfied, broad parametric
bandwidth can be achieved. Therefore let @�k==

@­ s
¼ @�k?

@­ s
¼ 0,

eq 11 changes to

ss

p

p

i

i

Figure 1. Geometric configuration of the wave vectors in
NOPA. ~vj and ~kj are the wave vectors (solid lines) and
group velocities (thick dashed lines) with the suffixes
j = p, s, and i representing the pump, signal, and idler,
respectively. ª is phase matching angle, and ¡ and ¢ are
internal noncollinear angles.
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@ks
@­ s

cosð¡þ ¢Þ þ @ki
@­ s

¼ 0 ð12Þ

Utilizing the relationship between wave vector, group velocity,
and wavelength k ¼ 2³n

­ , v ¼ c
ðn�­ dn

d­ Þ
, where c is the vacuum

light velocity and n is refractive index, eq 47 can be rewritten as

¯s ¼ ¯i cosð¡þ ¢Þ ð13Þ
Where vj is the group velocity with the suffixes j = s, i
corresponding to the signal and idler, respectively. Equation 13
is the GVM condition, and equivalent to @�k

@­ s
¼ 0. The relation-

ship among group velocity of pump, signal, and idler is also
shown in Figure 1.

In other words, to obtain broad parametric band width
output, the component of group velocity of idler in the direc-
tion of signal wave vector must be equal to the group velocity
of the signal.

According to eq 12, sum of ¡ and ¢ is expressed as

¡þ ¢ ¼ cos�1 � @ki=@­ s

@ks=@­ s

� �
¼ cos�1

­ i
@ni
@­ i
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­ s
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@­ s

� ns

0
BB@

1
CCA ð14Þ

From eq 6

sin¡

sin¢
¼ ki

ks
¼ 2³ni=­ i

2³ns=­ s
¼ ni­ s

ns­ i
ð15Þ

Expression of noncollinear angle ¡ is

¡ ¼ tan�1

ni­ s

ns­ i
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­ i
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Here we consider the wavelength ­s as a parameter, ­ i ¼
ð­p

�1 � ­ s
�1Þ�1, where ­p is a constant. Refractive index of

signal ns and ni idler are functions of wavelength according the
Sellmeier equation of BBO

n ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Aþ B

ð­2 þ CÞ
þD­2

s
ð17Þ

Parameters in eq 17 given in Ref. 31 are used for the
calculation: A = 2.7359, B = 0.01878, C = ¹0.01822, and

D = ¹0.01354. The wavelength dependence which satisfies
GVM condition is shown in Figure 2. ¡ has a broad maximum
around 600 nm and decreases at shorter wavelength. Over
a broader spectral range than 100 nm ¡ suffers only a small
deviation of less than 0.06 from 3.7°. The shorter pump
wavelength causes blue shift for the GVM range.

2.3 Type-I Phase Matching Condition in BBO Crystal.
For type-IOPA realized in BBO crystal, signal and idler are
ordinary light, while pump is extraordinary light. Therefore
refractive index of signal ns and ni idler are only the function
of wavelength. np is the function of both wavelength and the
angle between pump and optic axis ª which is called phase
matching angle.

npð­p; ªÞ ¼
noð­pÞneð­pÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

no2ð­pÞ sin2 ª þ ne2ð­pÞ cos2 ª
q ð18Þ

where no2(­p) and ne2(­p) are principal refractive indices which
are only functions of wavelength. no and ne are short for no(­p)
and ne(­p) respectively in the following expressions.

Introducing k ¼ 2³n
­ into eq 42, phase matching condition

can be rewritten as:

�k== ¼
np
­p

� ns
­ s

cos¡� ni
­ i

cos¢ ¼ 0 ð19Þ

The relationship between ¡ and ¢ achieved from eq 8 has been
shown in eq 15. By substituting eqs 15 and 18 in eq 19, phase
matching angle can be deduced as follows:

ª ¼ sin�1 n20n
2
e­

2
s­

2
i

­2
pðn20 � n2eÞðns­ i cos¡þ ðn2i ­2

s � n2s­
2
i sin

2 ¡Þ12Þ2
� n2e

" #1
2

8<
:

9=
; ð20Þ

The curves of ª for various ¡ and ¢ pumped at 400 nm are
shown in Figure 3. In this figure theoretical phase-matching
curves of ª in a type-I BBO OPA pumped at 400 nm with
different values of the signal noncollinear angle ¡. The signal
branches are shown in solid lines while the idler branches are
shown in dashed lines. ¡ = 3.7° is most appropriate to be used
in experiment. For given ª the signal and idler waves can be

simultaneously emitted in a broad range of wavelength. For
ª < 29.2° the excited range of the spectrum is partially limited,
while for ª > 29.2° the whole optical modes at least from
500 nm to 2¯m are excited, which is only restricted by the
crystal absorption of idler that rapidly increases at wavelength
greater than 2.5¯m (corresponding signal is about 470 nm).32

These behaviors can be explained by the GVM in a broad sense

Figure 2. Theoretical noncollinear angle changes according
to signal wavelength under GVM conditions. Solid lines
represent ¡ and dashed lines represent ¢. Pump light
utilized in simulation are 380, 400, and 420 nm.
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where the appropriate angular dispersions of the noncollinear
angles eliminate the GVM between the signal and idler and
realizes the ultra-broadband phase matching as shown in
Figure 4. Under the fixed phase matching angle ª = 31.2°,
noncollinear angle ¡ is almost constant in the range 520 to
720 nm with a standard deviation ¡ = 3.68° « 0.02°, The mean
value and standard deviation of noncollinear ¢ in the same
range is calculated as ¢ = 7.34° « 2.25° which has a relatively
large slope. It can be concluded that broadband signal is
obtained in exchange for large angular dispersion in idler.

2.4 Optical Parametric Fluorescence. In the case of
optical parametric interaction of three waves, if there is no
incident signal, the quantum noise could act as signal to inter-
act with pump and yield idler simultaneously. The random
quantum noise in any direction can be parametric amplified as
long as it satisfies the noncollinear phase matching condi-
tion. The amplified quantum noise is called optical parametric
fluorescence.33­35 Under the intense pumping condition, a non-
collinear phase-matched optical parametric fluorescence is
strongly emitted, sharply favored along a cone-shaped surface

around the pump beam and form a ring pattern on the plate
which is perpendicular to the pump beam due to the type-I
interaction as shown in the inset of Figure 5.2,3 The angular
aperture of this taper decreased with decreasing ª until the ring
collapsed into a spot when ª < 29.2° as shown in Figure 5.

The ring structure has a large spectral angular dispersion
along the axial direction, which visually exhibits the char-
acteristics of an achromatic down-conversion. For the signal
spectrum range from 520 to 720 nm, the dispersions of the
fluorescence at ª = 31.4° and ª = 30.8° are reversed. The
former has larger cone angles and the intensity is higher,
because GVM is reduced for larger ¡2 (Figure 1). The visible
width of the ring according to noncollinear angle ¡ is shown
in Figure 5, around ª = 30°, the width of the fluorescence ring
reaches the minimum, which provides a powerful tool for
adjusting phase matching experimentally.

2.5 Parametric Gain Spectrum. Approximating the
plane­wave interaction and neglecting the pump depletion and
spectral width, the well-known parametric gain Gin laser
amplification is given by28,36

G ¼ 1þ ðgLÞ2 sinhB

B

� �2

B ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2 � �k

2

� �2
s

¢L

� ¼ 2deff

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½s½i�

¾0nsninpc3

s
ð21Þ

where ¥ is the coupling constant, deff is the effective nonlinear
coefficient of the nonlinear optical crystal, ¾0 is the vacuum
dielectric constant, Φ is the pump intensity, and L is the crystal
length. In the case of deff = 1.6 cos ª pmV¹1 and Φ = 50
GWcm¹2, the changes of gain according to wavelength with
varying noncollinear angle ¡ and phase matching angle ª
respectively are calculated as shown in Figure 6.

Figure 4. Phase-matching curves of signal and idler in the
case of ª = 31.2°, preferred in the present work.

Figure 5. Noncollinear angles ¡ change according to phase
matching angle ª in visible spectrum range (from 500 nm
to 1¯m). The area between the two thick solid curves is
allowable optical parametric fluorescence emitting angle
range. Inset illustrates the generation of optical parametric
fluorescence.

Figure 3. Theoretical phase-matching curves of ª in a type-
I BBO OPA pumped at 400 nm with different values of
the signal noncollinear angle ¡. The signal branches are
shown in solid lines while the idler branches are shown in
dashed lines. ¡ = 3.7° is preferred in experiment, therefore
especially shown here.
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Therefore, for broadband signal output, 400 nm light is used
in our experiment for pumping BBO crystal in type-I OPA,
phase matching angle ª, and noncollinear angle between signal

and pump ¡ are chosen for 31.2 and 3.7° respectively. The
Fourier limited pulse calculated in the case of ª = 31.2° and
¡ = 3.7° shows that this broad spectrum can support as short as
5 fs laser pulse as shown in Figure 7. However, the signal pulse
generates in BBO crystal with dispersion which needs to be
compressed by dispersion compensating elements such as
prism pair, chirped mirror, and grating pair.

The ways of dispersion compensation are relatively sophis-
ticated to obtain ultrashort pulse. Therefore, we focus on another
contribution for pulse broadening in BBO crystal during the
optical parameter amplification processing in the next section.

2.6 Pulse Width-Pulse-Front Tilting. One of the most
important effects on pulse width in NOPA systems is pulse-
front tilting, which is an intrinsic effect for the noncollinear
interaction of ultrashort pulse.6,37

Under the noncollinear geometry, the pulse fronts of the
pump and signal cannot perfectly overlap each other as shown
in Figure 8. The noncollinear amplification causes tilted gain
volume in the signal beam with the noncollinear angle ¡,
resulting in the generation of a tilted signal by the same angle
¡ = £int. The relationship between tilted angles inside and
outside of BBO crystal is

tan£ int ¼
vs
c
tan£ext ð22Þ

Effective beam diameter decreases due to the pulse-front
tilting thus the conversion efficiency also decreases. The pulse-
front tilting also causes dispersion of the exit angle analogous
to light propagating in a prism or grating. Therefore, the pulse-
front tilting limits compression of pulse width. However, pulse
energy reduction because of amplification saturation due to
pump depletion results if the beam size is reduced to decrease
the pulse broadening effect. It is concluded that eliminating the
pulse-front tilting with a relatively large beam diameter is an
effective way to achieve Fourier transform limited pulse with
medium pulse energy in NOPA.

There are two ways to optimize pulse front matching, one is
pretilting the pulse front of the signal to match with that of
the pump in the crystal as shown in Figure 9a, and the other is
the pulse front of the pump to match with that of the signal
in the crystal as shown in Figure 9b. The second method is
preferred because the pulse front needs not be recorrected after
amplification.

(a)

(b)

Figure 6. Wavelength dependence of the parametric gain in
the type-I noncollinear phase matching condition in BBO
crystal. (a) Varying phasing matching angle ª with fixed
noncollinear angle ¡ = 3.7°; (b) Varying noncollinear
angle ¡ with fixed phasing matching angle ª = 31.2°.
Thick solid line in both (a) and (b) are the same and
considered to be the best simulation.

Figure 7. Fourier transform limited pulse of spectrum in
Figure 5 with noncollinear angle ¡ = 3.7° and phasing
matching angle ª = 31.2°.

Figure 8. Diagram of the pulse-front tilting between pump
and signal in BBO crystal. The thick solid and gray lines
represent the pulse front of pump and signal respectively.
The thin line with shadow denotes the exit facet of BBO
crystal.
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Utilizing both prism38 and grating39 can realize pulse fronts
tilting. However the prism is chosen in our experiment since
the loss of grating is larger.

As shown in Figure 10, if a bundle of parallel rays propagate
through a prism, the length of the optical path between plane A
and B are the same for any of the rays according to the Fermat
principle:

l1 þ nl2 þ l3 ¼ nl ð23Þ
where n and l are refractive index and propagating distance of
margin ray in the prism, respectively. Therefore propagation
times for any ray from plane A to plane B can be expressed as

T2 ¼
l1
c
þ l2

vg
þ l3

c
ð24Þ

where c is light velocity in vacuum, vg ¼ c
n�­ dn

d­
is the

group velocity. Ray 1 and ray 3 are the boundary situation
of the beam. The propagation times are:

T1 ¼
l01 þ l03

c
¼ nl

c
ð25Þ

T3 ¼
l

vg
ð26Þ

Considering that a prism is positive dispersion material, the
time difference between ray 3 and ray 1 is:

�T ¼ T3 � T1 ¼
l

�
n� ­

dn

d­

�
c

� nl

c
¼ � ­

c

dn

d­
ð27Þ

where ­ is wavelength of light.
According to Figure 10, the tilting angle is written as:

£ ¼ tan�1 c�T

D

� �
¼ tan�1 � ­ l

D

dn

d­

� �
ð28Þ

where D is the beam diameter after the prism.
The relation for a prism with an apex angle ¡apex and the

Snell’s law are

¡apex ¼ i01 þ i02 ð29Þ

n ¼ sin ij
sin i0j

ð30Þ

where j = 1, 2 according to incidence angle and exit angle for
the prism, respectively.

Considering i1 as a constant, differentiation eq 30 in the case
of j = 1, and utilizing i02 = ¡apex ¹ i01 deduced from eq 29 yield

@i02
@­

¼ � @i01
@­

¼ tan i01
n

dn

d­
ð31Þ

Calculating eq 30 in the case of j = 2 in a similar way and
combine eq 31

dn

d­
¼ cos i01 cos i2

sin¡apex

@i2
@­

ð32Þ

Paying attention to the following geometric relationship
in Figure 10,

l cos i01 ¼
D

cos i2
sin¡apex ð33Þ

By substituting eqs 32 and 33 in to eq 28, a simple formula
of £ is given by

£ ¼ tan�1 �­
di2
d­

� �
¼ tan�1 �­

di2
dn

dn

d­

� �
ð34Þ

According to Ref. 40

di2
dn

¼ n sin¡apex

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2 � sin2 i1

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ½sin¡apexðn2 � sin2 i1Þ�1

2 � sin i1 cos¡apex�2
q

ð35Þ
Therefore, if apex angle ¡apex and light wavelength ­ are

given, according to eqs 34 and 35, expected wave front tilting
angle £ can be obtained by adjusting incidence angle i1.

The prism of pulse front tilting is usually set before OPA, so
called “pretilting.” It was first applied by Danielius’s group in
1996 in a collinear OPA.41

2.7 Experimental Setup. 2.7.1 NOPA Setup: According
to the basic theory mentioned above, the experimental setup
of NOPA is illustrated in Figure 11. The pump source of this
NOPA system is a commercially supplied regenerative ampli-
fier (Spectra Physics, Spitfire), whose central wavelength,
pulse duration, repetition rate, and average output power were
800 nm, 50 fs, 5 kHz, and 750mW, respectively. The input light
is separated into two beams; the first beam propagates through
2-mm thick sapphire to generate white-light continuum for seed
of signal. A cutoff filter which blocks wavelengths longer than
750 nm is placed after sapphire in order to prevent the intense
spike around 800 nm. The second beam propagates through a
0.4mm-thick BBO crystal (29.2°z-cut) to yield second har-

(a) (b)

Figure 9. Two schemes for solving the pulse-front mis-
matching between the pump and signal pulses. (a) Scheme
for tilting signal. (b) Scheme for tilting pump.

Figure 10. Schematic of the pulse-front tilting by the
propagation through a prism. i1 and i

0
1 external and internal

incident angles; i2 and i02 external and internal exit angles.
D is the beam diameter after the prism. Ray 1 and 3
represent the bound condition for the propagating beam
and ray 2 denotes the random ray in this beam. £ is the
pulse front tilting angle after propagation in prism.
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monic light for pump of NOPA following type-I (o + o¼ e)
phase match conditions. In order to achieve effective and stable
optical parametric amplification, a quartz block is used to
stretch pump pulse to 200 fs to be comparable to white-light
continuum. A prism with 45°apex is arranged after the quartz
block for pretilting the pulse front of the pump to match that of
the signal in the crystal. Then the pretilted pulse is focused to
a 1-mm thick BBO crystal (31.5°z-cut) overlap spatially with
white-light continuum beam. The optical delay line (OD1) in
white-light continuum beam path is adjustable for temporal
overlapping. In order to achieve higher signal energy, the
remained pump and signal are reflected after the first OPA
processing and focus again in BBO crystal at a lower position.
The temporal overlapping of pump and signal can be regulated
by the optical delay line (OD2) in the pump beam path.

The amplified signal just after BBO crystal is around 0.3¯J.
A pair of ultra-broadband chirped mirrors was designed to
compensate group delay (GD), group delay dispersion (GDD),
and third-order dispersion (TOD) in NOPA system and follow-
ed by a pair of prisms. One of the chirped mirrors exhibits a
GD property with several reflections to compensate the chirp
of the NOPA output with the combination of the prism pair,
air and the beam splitter with the spectral region from 480 to
760 nm. The other one was designed to have a GDD and TOD
with ¹45 fs2 and 20 fs3 with the spectral region from 500 to
780 nm. These chirped mirror pair and prism pair compose the
compressor. The chirped mirrors have high reflectivity (R >
99%) while the prism pair mainly gives loss in our case. The
spectrum is adjustable by changing the noncollinear angle ¡.
The best noncollinear angle ¡ was judged by adjusting the
fluorescence ring width to the thinnest one experimentally. The
pulse width could be as short as 5 fs with the spectrum 520­
720 nm theoretically. However, in some experimental cases,

the spectrum of NOPA was adjusted to the longer wavelength
extending from 556 to 753 nm in order to achieve higher
absorbance of some sample. The pulse width in this case is 7 fs
which slightly broader than the optimum case.

2.7.2 Pump­Probe Experimental Setup: A pump­probe
experimental setup is shown in Figure 12. For pump­probe
experiment, the output from the NOPA is separated into pump
and probe beams by a beam splitter at a ratio of 5:1. A
frequency divider is synchronized with NOPA and controls the
chopper at 2.5 kHz which is half the frequency of NOPA. Both
pump and probe beams are focused on the surface of sample
about 50¯m in diameter with a 127mm (0.5 inch) parabolic
mirror. The spatial overlap of pump and probe beams on
the sample is checked with a 0.1mm diameter pinhole. The
transmission of the probe beam is received by the fiber.

There are two computers for different purposes: PC1 is used
for measuring pulse width from NOPA before pump­probe
experiment and real-time monitoring stability of NOPA during
experiments. Pump and probe beams are spatially overlapped
in a BBO crystal on a sample stage to generate the sum
frequency. By motor driving the optical delay line in pump
beam path (OD3), the autocorrelation of pump and probe can
be measured and thus the pulse width from NOPA is able to be
checked before pump­probe experiments.

The second computer (PC2) is prepared for recording the DC
(laser and transmitted spectrum) and AC (¦T) from multilock-
in amplifier. The signal is spectrally dispersed using a poly-
chromator (Jasco, M25-TP) over 128 channels with a spectral
resolution of 1.5 nm and each channel was detected by an
avalanche photodiode in conjunction with a lock-in amplifier
locked onto the 2.5-kHz reference frequency set by an optical
chopper that modulated the pump beam. The detecting range
is slightly variable according to NOPA spectrum by changing

Figure 11. Diagram of NOPA system. PS, Periscope; BS, beam splitter; VND, Variable neutral-density filter; F’s, Focusing lens
(F1: r = 100mm; F2: r = 400mm; F3: r = 250mm); SM’s, Spherical mirrors (SM1: r = 120mm; SM2: r = 100mm); I, iris;
Sapphire: to obtain broad band signal from 450 nm; BBO 1, to generate second harmonic light for signal; BBO 2, use for
noncollinear parametric amplification; Quartz block, for pulse stretching; CF, cutoff filter (cut to 750 nm); OD1, adjustable optical
delay line for first path OPA; OD2, adjustable optical delay line for second path OPA; TP, prism for pulse-front tilting; cm, chirped
mirror; P, prism; The elements without label are plane mirrors.
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the angle of dispersed grating inside. PC2 is also connected
to control OD3 for changing the delay time and measure the
data (¦T(t)). The polarization of both pump and probe are
horizontal.

2.8 Conclusion. Several key techniques of NOPA were
represented in this Chapter. The NOPA system is based on
the optical parametric down-conversion principle. Both the
energy conservation and momentum conservation are thought
to achieve the broad band parametric gain spectral range.
In order to obtain the broad parametric bandwidth output, the
component of group velocity of idler in the direction of signal
wave vector must be equal to the group velocity of signal.
Phase matching angle and noncollinear angle are two important
parameters of phase matching conditions. The optimized phase
matching angle and noncollinear angle were calculated to
ª = 31.2°, ¡ = 3.7°, respectively in the case of 400 nm pump
light. Under these conditions, the parametric gain spectrum was
obtained as broad as 200 nm (from 520 to 720 nm), which can
support 5 fs FT limited pulse.

Optical parametric fluorescence is an accompanying phe-
nomenon in parametric amplification processing if the quantum
noise acts as signal to interact with pump and yield idler
simultaneously. The optical parametric fluorescence ring can
be observed if the pump intensity is high enough. From the
calculation of the ring width, it was found that around the
optimized phase matching angle and noncollinear angle, the
ring width becomes minimum. It is a guidance to adjust both
of the angles experimentally.

The compressor, which consists of a chirped mirror pair and
prism pair was applied to compensate the first and higher order
GD. An intrinsic effect for the noncollinear interaction of
ultrashort pulse called pulse-front tilting causes the pulse fronts
of the pump and signal to imperfectly overlap. Therefore,
another prism was used to cause pretiling of pump, and then
improve the pulse front overlapping condition in BBO crystal.

According to the theory above, NOPA was set up exper-
imentally. A pulse as short as 7 fs with the spectrum of 556­
753 nm was obtained and utilized in pump­probe experiments.
In pump­probe experiments, in order to detect the broad band
spectrum from NOPA, a multilock in amplifier was applied.

In the following chapter, we start to discuss the fast
dynamics in a molecule using the pump­probe experiment
with the NOPA as the light source.

3. Theory of Pump­Probe Experiment

3.1 Theory of Interaction between Laser Field and a
Two-Electronic-State System. To discuss the principle of
pump­probe experiments of molecules at first we would like
to describe a simple model of a two-electronic-state system
and coherent light in the beginning and then go to a more
complicated system with electronic states coupled to multilevel
vibrational levels forming a multilevel structure.

For two-level energy system, the time evolution of the
system is described by the 2-by-2 density matrix μ which
satisfies the Bloch equation with all operators written in the

Figure 13. Diagram of atom transition between a two-level
system. Electronic transition takes place from the ground
state jai to the excited state jbi when absorbing a phonon
while when the photon is emitted, it takes place from the
excited state to the ground.

Figure 12. Diagram of pump­probe setup. Solid lines represent beam path and dashed lines denote electric connection among
equipment. BS’s, beam splitter; OD3, adjustable optical delay line for pump; C, chopper; I, iris; PM, parabolic mirror; F’s, fiber for
signal detecting; PC’s, computer; PMT, photomultiplier tube; D, optical delay controller; S, spectrometer; SLA, signal lock-in
amplifier; MLA, multi lock-in amplifier. ST, the position for BBO crystal to measure autocorrelation of pulse and setting the
sample. The elements without label are plane mirrors. The elements and light in dash dot line are used for autocorrelation
measurement.
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rotating reference frame:

@μ

@t
¼ 1

ih�
½Ĥ þ V̂ðtÞ;μðtÞ� þ @

@t
μrelax ð36Þ

Where μ ¼ μaa μab

μba μbb

h i
is the density matrix, the vibronic

Hamiltonian Ĥ is perturbed by the dipolar Hamiltonian of
interaction with the pump light pulse V̂ .

The elements of the density matrix μ is described by

_μbað~r; tÞ ¼ � i�þ 1

T el
2

� �
μbað~r; tÞ

þ 1

h�
Vbað~r; tÞ½μbbð~r; tÞ � μaað~r; tÞ� ð37Þ

μabð~r; tÞ ¼ μ�
bað~r; tÞ ð38Þ

_μbbð~r; tÞ � _μaað~r; tÞ

¼ � ½μbbð~r; tÞ � μaað~r; tÞ � ðμbbð~r; tÞ � μaað~r; tÞÞ0�
T el
1

þ 2i

h
½V�

baμbað~r; tÞ � Vbaμ
�
bað~r; tÞ� ð39Þ

Where T el
1 and T el

2 are the electronic population decay
time and electronic dephasing time, respectively; ½μbbð~r; tÞ �
μaað~r; tÞ�0 is the equilibrium population difference at zero
laser field, and ³ is the detuning between the pump field
at frequency ½1 and the transition frequency ½ba (i.e. ³ =
½ba ¹ ½1).

The interaction potential Vbað~r; tÞ is given by

~Vbað~r; tÞ ¼ � ~®½ ~EpuðtÞ expði~kpu~rÞ þ ~EprðtÞ expði~kpr~rÞ� ð40Þ
Here ~® is the dipole moment, ~EpuðtÞ and ~EprðtÞ are the time

envelopes of the pump and probe fields, respectively, which
have parallel polarization in our case.

The perturbation technique can be applied to solve eq 37 in
case of that Rabi frequency �R ¼ 2 ~® ~Epu=h� is smaller than
1=T el

2 . This is done by solving to second order in the pump
field and to first order in the probe field. Until this point
the electronic structure of interest is a two-electronic-state
system. From here we switch gear to a more complicated
system with electronic states coupled to multilevel vibrational
levels forming a multilevel structure as a whole. Then under the
Condon approximation details of which are described in the
next subsection, the macroscopic electric polarization of the
two vibronic states (ground state and one excited singlet state)
can be simply described by the direct product of the pure
electronic macroscopic electric polarization and the Franck­
Condon factor associated with all the possible molecular
vibrational normal modes. Then the procedure of the transient
transmittance change can be straightforward as described
below.

The time envelope of the macroscopic electric polarization
~Pð3Þ
pr ðtÞ after factorizing out the Franck­Condon factor except

the vibrationally time dependent part in a molecular vibronic
system propagating in the probe direction is given by the
following equations.42

~Pð3Þ
pr ¼ ½μbbð~r; tÞ � μaað~r; tÞ�0

Z þ1

�1
dt3A2ðt3Þ

�
�
~Eprðt � t3Þ

Z þ1

�1
dt2A1ðt2Þ

�
~Epuðt � t3 � t2Þ

Z þ1

�1
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A1ðtÞ ¼ A2ðtÞ ¼ 0 ðt < 0Þ ð42Þ

A1ðtÞ ¼
2i®

h�
expð�t=T el

1 Þ expð�ið½vt þ tan�1ðð½� ½e þ½vÞTvibÞÞÞ ðt > 0Þ ð43Þ

A2ðtÞ ¼
i®

h�
expð�t=T el

2 Þ expð�i�tÞ expð�t=T vib
2 Þ expð�ið½t þ tan�1ðð½� ½e þ½vÞTvibÞÞÞ ðt > 0Þ ð44Þ

Here Tvib is the vibrational period, T vib
2 is the vibrational

dephasing time, ½v is the vibrational frequency, and ½e is the
frequency corresponding to the 0­0 transition energy from the
ground to the excited electronic state.

The difference absorbance ¦A(½) of the system, in the
frequency domain is proportional to the differences of the
imaginary part of susceptibilities which can be obtained by
Fourier transform of Pð3Þ

pr

�Að½Þ / Im � FðPð3Þ
pr Þ

Eprð½Þ

" #
ð45Þ

Where FðPð3Þ
pr Þ denotes the Fourier transform of Pð3Þ

pr , and the

division by Epr(½) make the signal independent of the probe
spectrum.

3.2 Physical Interpretation of the Theory. The difference
absorption spectrum has three distinct polarization components,
as described by eq 41.

The difference spectrum corresponding to the first term,
which is called “population term” and appears only in the
positive-time range where the pump comes before the probe, is
proportional to the changes in population difference between
the two states, which is induced by the pump pulse via a dipole
transition. This is the only term that persists when the probe
follows the pump, and it decays with a time constant of T1el.
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This process is induced by the generation of the third-order
nonlinear polarization by the temporal sequence of the fields of
pump­pump­probe.

There are three mechanisms contributing to the first term:
First, the temporal behavior of the transmitted light intensity
caused by pump pulse induces population changes in the
electronic states. The electronic states can be excited states or
some intermediate states of chemical reaction triggered by the
pump pulse. Second, the modification of transition probability
due to the time-dependent Franck­Condon overlap by the
nuclear wave-packet formation also can effect this term. The
nuclear wave-packet is vibrationally “coherent” on the potential
surface of the electronic state generated by pump pulse and
becomes electronically incoherent after the electronic dephasing
time. This means that the final state of transition induced by the
femtosecond pump pulse is the diagonal terms of the density
matrix of the electronic states. Third, the change in the refractive
index induced by the molecular vibration can be also considered
as one origin of the first term. This is a kind of induced phase
modulation, sometimes called “molecular phase modulation.”
This is again vibrationally “coherent” on the potential surface of
electronic excited state generated “electronically incoherently.”
As mentioned before this term is called the population
(= electronic diagonal) term and it can exist when there is no
population change but if there is coherent molecular vibration.
The coherent vibration is due the term factorized out from the
nonlinear macroscopic electronic polarization in eq 41.

The second term in eq 41 takes place by pump­probe­pump
sequence in the generation of the third-order polarization. This
is called the pump polarization coupling term and is propor-
tional to the pump-induced polarization that occurs when the
probe pulse arrives at the same time as the pump pulse. The
probe field interacts with the pump polarization to create a
grating due to spatial modulation of the level populations. The
pump field then interacts with the grating to create a polarization
component spatially coherent with the probe field. It is effective
only when the pump pulse overlaps the probe pulse in time,
since it requires the presence of the pump field both before (to
create the grating) and after (to be diffracted by the generated
grating into the probe direction) the arrival of the probe pulse.

The third term, which is called the perturbed free-induction
decay term, occurs in the negative-time range where the probe
precedes pump, because the pump field modifies the otherwise
free decay of the probe-induced polarization: The preceding
probe pulse generates macroscopic coherent electronic polar-
ization, and then an intense pump field arrives at the sample
and interferes with the probe-generated polarization resulting in
the formation of the grating. Another electric field component
of the pump pulse is diffracted by the grating into the direc-
tion of the probe pulse. Therefore it persists when the probe
precedes the pump, remains finite and decays exponentially
with an exponential time constant of T el

2 , which includes both
homogeneous and inhomogeneous decay.

Even though the above classification is made in three
groups: (1) the pump preceding case, (2) pump­probe over-
lapping case, and (3) probe preceding case, in a real experiment
the second case there is overlap between the pump pulse and
probe pulse there is a contribution not only of pump polar-
ization coupling but also of perturbed free-induction decay

term, and population term. The sum of two contributions due to
pump polarization coupling and perturbed free-induction decay
term can be either constructive or destructive depending on
the sign of the two signals. The coherence term is given by the
convolution function of pump and probe pulse and gives no
contribution outside of the function. Therefore, the decay in
the negative time direction at some wavelengths can be steep
due to dominant contribution of coherent term with a minor
contribution of perturbed free induction decay term. Especially
this effect becomes substantial when the coherent coupling
term has an opposite sign to that of the perturbed decay term.
Another effect can happen in the opposite direction at different
probe wavelength. Therefore size and sign of the third term is
probe wavelength dependent due to two possibilities: The first
one is that the perturbed free induction decay is the process
of the relaxation of macroscopic polarization corresponding to
the transition between the excited vibronic state and the ground
state. Then the sign of ¦A and its decay are then dependent
on the relevant vibronic state belonging to the same electronic
excited state.

The perturbed free-induction decay term can be used to
determine the electronic phase relaxation time and study vibra-
tional phase relaxation in excited electronic state(s). If the
frequency of the mode is high enough, there is no population of
vibrational levels higher than ¯ = 0. Therefore, the polarization
induced by the probe pulse ~PprðtÞ in such a case is the vibronic
polarization associated with the transition from the lowest
vibrational level (¯ = 0) in the electronic ground state to the
vibrational excited level.

3.3 Principles of Real-Time Vibration Spectroscopy:
Modulation of Electronic Transition Probability by Wave-
Packet Motion. This section describes the principles of real-
time vibrational spectroscopy mainly in the third time regime
discussed in the previous section. Real-time traces represent
the time-dependent intensity being modulated by wave packet
motion generated by the intense pump pulse, whose duration is
shorter than the molecular vibrational period.

There are two methods of studying vibrational dynamics in
excited electronic (or excitonic) states in condensed matter.
One is the analysis in frequency-domain; the other is in time-
domain. Most frequently used methods are the former and they
are time-resolved Raman scattering spectroscopy and time-
resolved infrared absorption spectroscopy. The latter is real-
time vibration spectroscopy, used to get information of real-
time amplitude of vibration through modulation of the elec-
tronic transition probability, including the vibrational initial
phase after impulsive excitation. They can also provide infor-
mation of the vibronic coupling strength and dynamics of the
vibrational modes in both ground and excited electronic states.
Thus the relaxation of electronic states and the dynamics of
vibrational levels can be studied with the same experimental
equipment under exactly the same conditions. They have been
used in the real-time vibrational spectroscopy of many mo-
lecular and polymer systems.24­26

In most molecular systems, the wave function of a molecular
electronic state can be factorized into the electronic part with
nuclear coordinates as parameters and the nuclear component
using the Born­Oppenheimer approximation, except when the
electronic state has degeneracy:
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�ðq;QÞ ¼ �ðQ; qÞ»ðQÞ ð46Þ
Here, q and Q represent the electron and nuclear coordinates,

respectively. The transition dipole between two electronic
states under the Born­Oppenheimer approximation is given by
the following if the Condon approximation is satisfied:

h�1ðq;QÞjeqj�2ðq;QÞiQ;q

¼ h»1ðQÞh�1ðQ; qÞjeqj�2ðQ; qÞi»2ðQÞi
¼� h�1ðQ; qÞjeqj�2ðQ; qÞih»1ðQÞj»2ðQÞi ð47Þ

The origins of the intensity modulation can be classified into
two cases: when the Condon approximation is satisfied and
when it is not satisfied. The former case is due to the time-
dependent Franck­Condon (FC) overlap as a result of wave
packet formation, the wave function of which is a linear
combination of the wave functions of the relevant vibrational
levels. The latter case occurs when the electronic wave func-
tion is mixed with a third electronic state, which causes the
electronic transition probabilities to be exchanged between the
relevant two states. Following the wave-packet motion, the
molecular structure is deformed and the corresponding elec-
tronic wave functions and electronic energies of these states
are modified resulting in the modulation of the transition
probability.

4. An Example of Real-Time Spectroscopy:
Primary Conformation Change during

the Primary Photoisomerization
in Bacteriorhodopsin

4.1 Introduction. Photoisomerization of rhodopsin is the
key reaction in the vision process in vertebrates. However,
ultrafast time-resolved observation of this process is difficult
because rhodopsin does not recover after in vitro photobleach-
ing in many opsins except rare examples such as squid.43­45

On the other hand the membrane protein bacteriorhodopsin
(bR),42,46 which is extracted from bacteria, is more stable
than rhodopsin and even artificial chemicals, making it a prom-
ising functional material for optical memories and switches.47

The physiological function of bR in live bacteria is proton
pumping to produce a chemical potential for ATP synthesis.
This pump is optically triggered by trans­cis photoisomeriza-
tion, which is closely related to cis­trans photoisomerization
of rhodopsin in the vision process48 even though the reaction
is in the opposite direction. Because of these interesting physio-
logical and artificial functionalities, the primary process of
bR has been extensively studied both theoretically49,50 and
experimentally.51­57

Most studies made up to now42 consider the primary
photoprocess to be described as follows:

bR ! H ®ð200 fsÞ ! I ®ð500 fsÞ ! J ®ð3 psÞ ! K ð48Þ
However, some controversial experimental results have been

reported. For example, Ruhman’s group showed experimental-
ly that the locked retinal chromophore contained in bR exhibits
a similar photoinduced spectral change to that of ordinary
bR.58,59 Atkinson’s group claimed that the long-accepted
isomerization process does not occur in the primary process,
even in the J intermediate.60 The J intermediate is often
assigned as a ground-state species in which the retinal chromo-

phore is isomerized to a 13-cis-configuration, as first proposed
by the group of Ruhman.58

Furthermore, two theoretical models of photoisomerization
have been proposed, namely a two-state, two-mode model and
a three-state model proposed by groups of Olivucci49,61 and
Schulten;50,62 it still remains unclear which model is correct.
Recent studies of photoisomerization of retinyl chromo-
phore have shed light on the dynamics after photoexcita-
tion;63,64 however, the details of the transient states still remain
contentious.

Electronic and molecular vibrational structures of transient
intermediate species in photoisomerization can be revealed by
ultrafast laser spectroscopy using ultrashort laser pulses, as has
been performed for chemical reactions.65,66 Ultrafast spec-
troscopy is complementary to the X-ray diffraction technique
proposed by the group of Anfinrud67 and the electron
diffraction methods used by groups of Miller68 and Zewail.69

In the present study, the vibrational amplitude is detected
with a subfemtosecond resolution due to the short pulse
duration and the high signal-to-noise ratio. Ultrafast spec-
troscopy offers much higher time resolutions than electron and
X-ray diffraction experiments. In addition, it can be used for
the measurements of amorphous materials and liquids, which
are difficult to analyze by X-ray or electron diffraction. In a
previous paper by us,70 measurements of time-resolved differ-
ence absorption spectrum resolving the real-time dynamics
of the amplitude of molecular vibration could elucidate the
ultrafast change in the frequencies of in-plane and out-of-plane
bending modes associated with molecular structural changes
during photoisomerization.70 By this method even the infor-
mation of transition states could be obtained via the instanta-
neous vibrational frequency.70 Femtosecond stimulated Raman
spectroscopy that has high temporal and spectral resolution was
used to observe time-dependent conformational changes.71

However, femtosecond stimulated Raman spectroscopy mea-
sures only the vibration intensity and hence it cannot provide
any information on the vibrational phase, which can be
obtained by real-time measurements of vibrational modulation
of difference absorbance. The analysis using vibrational phase
makes it possible for the wave packet associated with the
ground state to be distinguished from those with the excited
state. Also the real-time observation can provide information of
very rapidly changing vibrational frequency which is changing
in the time scale of vibrational period. Then the molecular
structural change associated with such a fast reaction can be
monitored by the real-time observation of the vibrational
amplitude detection through the modulation of the instanta-
neous modulation of the electronic transition.

As discussed in the previous section and in our recent study,72

time-resolved difference absorption includes contributions of
wave packets on the potential surfaces of both electronic ground
state and one or several excited states. There are three ways to
distinguish a signal due to the ground state wave packet from
that of an excited state. The first method is time-resolved spec-
troscopy using chirped pump pulses, which was performed by
Kahan et al.58 The second method is to observe the vibrational
phase of a molecular vibration. The motion of a ground-state
wave packet commences from a stable local minimum point on
the ground-state potential-energy surface, whereas an excited-
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state wave packet starts its motion from the Franck­Condon
state toward a local minimum point on the excited-state
potential-energy surface. Therefore, vibrations of wave packets
on the potential surfaces of the ground and excited states are
expected to be sine-like and cosine-like, respectively. The third
method is to observe the dependences of the signal on the probe
wavelength and the delay. Using intermediate lifetimes deter-
mined in previous studies, decay of the transient absorption
signal can determine the dominant intermediates in different
probe wavelength regions. The sign of the signal also helps
assign the origin of the signal: a negative absorbance change
indicates that photobleaching is caused by depletion of the
electronic ground state or stimulated emission from the excited
state, whereas a positive absorbance change indicates induced
absorption from the first excited state to a higher excited state.
In the present study, we describe the ultrafast processes in
bacteriorhodopsin and oxyhemoglobin using ultrashort pulses
to study the mechanisms of very efficient photoisomerization
and photodissociation, respectively, in these systems.

4.2 Experimental. Bacteriorhodopsin, bR, was suspended
in water buffered at pH 7 without any detergent. The absorp-
tion spectrum of a bR sample (optical density per 1-cm OD
being 10.6 at the 560-nm peak) in a 1-mm cell, and the laser
spectra are shown in Figure 14a. The observed absorption
spectrum with a peak at 562 nm confirms that the sample used in
this work consists mainly of the all-trans-structure. Figures 14b
and 14c, show the calculated structures of the retinal chromo-

phore, which introduces the schematic mechanism of the trans­
cis photoisomerization of the retinal chromophore. Models 1, 2,
and 3 from the top to the bottom in Figure 14c are related to the
structures of the H, I, and J states, respectively. Pump­probe
signals were detected with a 128-channel lock-in amplifier.
The pulse energy and peak intensity of the pump pulses at the
sample were ca. 10 nJ and 10GWcm¹2, respectively, which are
ca. 10 times higher than the probe pulses. The laser spectrum is
also shown in Figure 14a showing the excitation of the sample
bacteriorhodopsin can be efficiently excited with remaining
space in its spectrum to monitor the spectra of both the excited
state and intermediate species.

4.3 Results and Discussion. The experimental result
of real-time traces probed at 128 different wavelengths is
displayed two-dimensionally in Figure 15. It covers the wave-
length range of 505­665 nm. The obtained data reveal the
detailed photoexcited dynamics of the retinal chromophore in
bR during photoisomerization. This technique has the poten-
tial to overcome the problems associated with the other two
methods mentioned namely time-resolved IR absorption and
time-resolved Raman spectroscopy. This figure contains a lot of
information about the sample dynamics, which can be obtained
from quasi-continuous spectra and time-dependent (including
vibrational phase) transmittance changes at all wavelengths.
Simultaneous measurement at all the probe wavelengths ena-
bles measurements to be performed much faster than previous
time-consuming measurements at five different wavelengths.51

wavelength/nm

Figure 14. Laser output spectrum from NOPA, absorption spectrum of bR, and molecular structure of the retinal chromophore in
bR. (a) Laser spectrum (thick line) and absorption spectrum of bR (thin line). (b) Schematic conformational change in the trans­cis
photoisomerization of the retinal chromophore in bR (calculated by CIS/6-31G*//CIS/6-31G*) (1). (c) Enlarged views of
molecular structures around C13=C14 and C15=N shown in (b). The purple and blue balls in (b) and (c) represent carbon and
nitrogen atoms, respectively. The first, second, and third models from the top to the bottom in (c) are exhibiting the chromophore
structure in H, I, and J states, respectively.
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The simultaneous measurement reduced systematic errors due
to short- and long-term fluctuations in the laser intensity and
also sample degradation, which is inevitable in experiments
requiring long measurements.

Figure 14b shows the structural change of retinal chromo-
phore during photoisomerization calculated by CIS/6-31G*//
CIS/6-31G*. The structural changes in the retinal chromophore
were calculated to obtain schematic views that depict the
structural changes in retinyl chromophore in bR; however, the
calculated structure may differ slightly from that of retinyl
chromophore in bR, which is known to have a twisted con-
formation even in the K state.73,74 The time constants for
transitions from the ground state to the intermediate states I, J,
and K determined from experimental results are consistent with
the results obtained in studies by several groups including our
group.42,57,75 The probe wavelength dependence of the photo-
excited dynamics was analyzed and it was found that the probe
wavelength spectrum can be classified into four spectral
regions based on the dynamics. This is because the electronic
states have different effects on each spectral region. For the
same reason, the dynamics of the molecular vibrational modes
was also considered to be dependent on the probe wavelength.
Herbst et al. found that the C=N stretching mode appears
earlier than 500 fs after photoexcitation.52 The present analysis
of molecular vibrational modes reveals the existence of the
C=N stretching mode, which decays within 30 fs after photo-
excitation. This implies that the primary event immediately
after photoexcitation is not the excitation of torsion around the
C13=C14 bond, as has long been believed,76 nor is it the C=C
stretching mode, as was recently proposed.49

4.4 Spectrogram Analysis. The spectrograms
(Figures 16a­16d) reveal the existence of a C=N stretching
mode with a frequency of ca. 1640 cm¹1, whose vibration
period is 20 fs. The C=N signal disappears after 30 fs. Because
of the short lifetime of this mode, which corresponds to 1.5

oscillation periods, the Raman spectrum is expected to have a
broad bandwidth of about 1100 cm¹1, which reduces the peak
intensity by a factor of about 100 from that estimated from the
Raman spectral width of the C=N mode in the ground state.77

This makes it practically impossible to observe in the Raman
spectrum. From the line width of the ground-state Raman signal
of bR,77 the decay time of the C=N stretching mode in the
ground state is known to be slightly longer than 3 ps. The
observed C=N signal decays much faster (<30 fs) than the
appearance time (>200 fs) of the I state. Therefore, the observed
Fourier signal of the C=N stretching frequency is thought
not to be due to the G or I state. Rather, it is thought to be due
to the H state, which is excited in the very initial stages
of photoisomerization. The excited molecular vibration of the
C=N stretching mode decays rapidly (<30 fs) in the H state,
indicating that the C=N vibration oscillates less than two times.
The H state then decays with a time constant of 235 « 22 fs.
This finding can explain the very interesting but contro-
versial observation by Ruhman’s group.59 Even the locked
retinal analogue can be deformed near the protonated C=N
bond, resulting in spectral changes similar to those induced by
isomerization. Therefore, the spectral changes commonly
observed both in native retinal and artificial locked analogue
are introduced by electronic changes near the protonated C=N
bond, rather than the C13=C14 bond. After this conformational
change near the C=N bond, the vibration of which is heavily
damped, C=C stretching and torsion around the C13=C14
bond start.

Mathies’ group42 found that I state appears within about 200
fs. The positive ¦A about 200 fs after photoexcitation in the L1

and L2 spectral ranges indicates the contribution of the induced
absorption due to the I state. In the probe spectral ranges, a new
signal appears around 1800 cm¹1 about 200 fs after excitation
(Figures 8e and 8f ), indicating that the signal is mainly due to
the I state. This new mode is possibly related to highly distorted

Lambda/nm

D
el

ay
/fs

Figure 15. Two-dimensional display of probe wavelength­delay time transient absorption from the real-time traces probed at 128
different wavelengths.
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C=N stretching. The increase in the C=N stretching frequency
to about 1800 cm¹1 indicates that ³-electron flow to the pro-
tonated Schiff base after the very rapid distortion partially
neutralizes the positive charge of the N atom, increasing the
bond order. This implies that the charge redistribution occurs
from interaction with binding pocket residues and that the
distortion relaxes on formation of the J intermediate.

4.5 Conclusion. Based on the results of the present study,
it is concluded that the first process in the photophysical
dynamics in bR is the deformation of the retinal configuration
which decays within 30 fs near the C=N bond in the protonated
Schiff base. It is followed by C=C stretching and then torsional
motion of several periods around the C13=C14 bond. This
mode is as short as 30 fs, which corresponds to only 1.5 times

the oscillation period (20 fs). This means that electronic re-
distribution, which occurs immediately after excitation (<2 fs),
triggers rapid oscillation of C=N stretching. After a few
oscillations, the energy is transferred to C=C stretching.

5. Summary and Future Prospects

In full analysis of the optical parametric processes we could
obtain sub-5-fs pulse laser in visible to near infrared spectral
range which is not only the world’s shortest pulse source in the
spectral range but also a useful reliable source for the study of
ultrafast processes in molecules. Using the sub-5-fs pulse laser,
we found various new phenomena, such as dynamic mode
coupling between molecular vibrational modes, Duschinsky
rotation, and a dynamic intensity borrowing effect.78 During

e f

a b

c d

Figure 16. 3 Spectrograms calculated from the real-time traces measured at (a) 512, (b) 517, (c) 572, (d) 577, (e) 617, and
(f ) 622 nm. The white broken lines in the figures indicate the approximate appearance times of the H, I, and J states.
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photoisomerization of a biopolymer (bR), we directly observed
instantaneous vibration spectrum deformed by the rotation in
the retinal chromophore. Zewail et al. (Zewail won the Nobel
Prize for Chemistry in 1999) performed time-resolved obser-
vations of the reactant and the product in a gas-phase reaction
and pioneered transition state spectroscopy, but they were not
able to observe spectra of transition states. We succeeded in
observing vibrational spectra that reflect the molecular structure
of transition states. We even applied this technique to a protein
that has a complex molecular structure.

In ultrafast and broadband spectroscopy of bR, we found that
the frequency of the C=C stretching mode was modulated
along with the torsion motion around C13=C14 during photo-
isomerization of bR. This reveals that the bond length of
C13=C14 is modulated on the deformation around C13=C14

during photoisomerization.70 A transition state during Raman-
excited oxidation of chloroform was directly observed by
ultrafast spectroscopy using broadband visible sub-5-fs puls-
es.79 It has been demonstrated that the observation of transition
states by sub-5-fs time-resolved spectroscopy is applicable
for ground-state reactions as well as for excited-state reactions
via Raman excitation in a wide variety of chemical reactions.
Ultrafast spectroscopy was also used for direct observations
of microstructural changes, which have been only predicted
theoretically, like the initial structural change in photobiolog-
ical processes such as photoisomerization in rhodopsin, bR,80

and photodissociation of oxygen from oxyhemoglobin81 as
reviewed in this paper.

Development of ultrashort laser pulses meets many needs in
various scientific fields as demonstrated by their wide variety of
applications, including for defining frequency standards, for
distance measurements, and for studying the ultrafast dynamics
of chemicals, biological materials, and solid-state/condensed
matter physics. Ultrashort laser pulses are also used in infor-
mation technology and laser processing applications. In the
present paper we described the usefulness of ultrashort pulse
laser and ultrafast spectroscopy to understand chemical reac-
tions. Using sub-5-fs pulse laser from NOPA, the transition
state could be observed directly in the pump­probe type
experiment utilizing the real-time observation of molecular
vibration amplitudes through the modulation of transition
probability by molecular vibration.

The author would like to acknowledge collaborators, Profs.
A. Yabushita, A. Shirakawa, A. Baltuska, and Drs. Y. Wang,
and Z. Wang for performing the research described in this
article.
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