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Raman signals of excited states in all-

 

trans

 

-

 

β

 

-carotene have been investigated using recently developed femtosec-
ond time-resolved Raman spectroscopy.  The Raman signals are distinguished from other absorbance changes due to
highly excited states using temporal and spectral dependence on the Raman pump pulse.  The negatively stimulated
Raman signals due to the 2Ag

 

−

 

 excited state are explained by the Raman transition from the vibrational excited levels.
The vibrational relaxation of the 2Ag

 

−

 

 state has fast and slow kinetics.  The fast one has a time constant of 0.6 ps, but the
other is slower than the internal conversion to the ground state.  Since the molecule exists in the vibrationally excited lev-
els through the relaxation kinetics, the vibrational features in 

 

β

 

-carotene are quite important with relation to energy trans-
fer in photosynthesis.

 

Carotenoids play an important role of light-harvesting in
bacterial photosynthesis.

 

1,2

 

  All-

 

trans

 

-

 

β

 

-carotene (

 

β

 

-carotene)
is a typical carotenoid with a linear polyene structure (

 

C

 

2

 

h

 

symmetry): it has also attracted much interest in relation to
conjugated polymers.  Since the ground state of the all-

 

trans

 

-
carotenoid has A

 

g

 

−

 

 symmetry, the lowest optically allowed ex-
cited state is a 1B

 

u

 

+

 

 state.  However, two optically forbidden
states, 1B

 

u

 

−

 

 and 2A

 

g

 

−

 

, exist below the 1B

 

u

 

+

 

 state.

 

3,4

 

  Relax-
ation kinetics in the carotenoids has been intensively investi-
gated using time-resolved spectroscopy.

 

5–15

 

  The photogenerat-
ed 1B

 

u

 

+

 

 state converts to the 2A

 

g

 

−

 

 state within 100–300 fs.
The 1B

 

u

 

−

 

 state has been expected to be an intermediate state
during this relaxation pathway.

 

4,14,15

 

  The 2A

 

g

 

−

 

 state relaxes to
the 1A

 

g

 

−

 

 ground state within several picoseconds.  The life-
times of the carotenoids in the light-harvesting complexes be-
come shorter due to ultrafast energy transfer reactions from
carotenoids to bacteriochlorophyll.

 

8,11

 

The vibrational relaxation of electronic excited states in
large molecules has been considered to be faster than 1 ps gen-
erally.

 

16

 

  Femtosecond fluorescence spectroscopy has deter-
mined the vibrational relaxation time of the 1B

 

u

 

+

 

 state in 

 

β

 

-
carotene to be shorter than 100 fs.

 

6,10

 

  Femtosecond absorption
spectroscopy has found subpicosecond spectral changes due to
the vibrational relaxation of the 2A

 

g

 

−

 

 state.

 

7

 

  Therefore, the en-
ergy transfer in the photosynthesis has been assumed to occur
from the lowest vibrational level of the excited states.

 

17

 

  How-
ever, Zhang et al.  have recently reported that the vibrational
relaxation of the 2A

 

g

 

−

 

 state in all-

 

trans

 

-lycopene is slower
than the internal conversion to the ground state.

 

9

 

  The vibra-
tional relaxation in carotenoids is very important to understand
the energy transfer mechanism in the photosynthesis.

The time-resolved absorption spectroscopy is not suitable to
investigate the vibrational relaxation, because it is difficult to

assign the 0–0 transition and the vibrational modes.  Recent
sub-10 fs time-resolved studies can observe transient oscilla-
tion due to photoinduced vibrations, but the observed signals
are mainly due to the ground state.

 

13

 

  Time-resolved Raman
signals in 

 

β

 

-carotene have been observed by picosecond
Raman spectroscopy.

 

12,18,19

 

  The signal due to the C

 

=

 

C stretch-
ing vibration (the 

 

ν

 

1

 

 mode) of the 1A

 

g

 

−

 

 ground state at 1521
cm

 

−

 

1

 

 decreases due to the photoexcitation, thus the signal due
to the same mode of the 2A

 

g

 

−

 

 state appears at 1777 cm

 

−

 

1

 

.  The
abnormally high frequency in the 2A

 

g

 

−

 

 state has been ex-
plained in terms of the vibronic coupling between the 2A

 

g

 

−

 

and 1A

 

g

 

−

 

 states through the 

 

ν

 

1

 

 mode.  However, the temporal
dependence of the Raman signal has not been time-resolved.

The time-resolved Raman spectroscopy has been recog-
nized as a powerful method for studying vibrations in photoge-
nerated transient states.  The basic technique has been estab-
lished in the nanosecond region and has been developed to the
picosecond region.

 

20–25

 

  However, the ordinary method cannot
have good spectral resolution in the femtosecond region be-
cause of the transform limit of a single pulse.  The bandwidth
of a 100 fs pulse is broader than 100 cm

 

−

 

1

 

.  Therefore, only a
few femtosecond time-resolved Raman experiments have been
reported.

 

26–29

 

  Recently, we have developed novel femtosecond
time-resolved Raman spectroscopy which can measure the
Raman signal with femtosecond time resolution and good
spectral resolution.

 

30

 

Here, we present the study of the photoexcited states in all-

 

trans

 

-

 

β

 

-carotene using the femtosecond time-resolved Raman
spectroscopy.  The photoinduced absorbance change has also
been measured and compared with the Raman signals.  Since
the excited states undergo transitions to highly excited states,
the resonance effect is taken into account during the analysis
of the results.  The Raman signal is distinguished from other
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resonant signals by using spectral features and dependence on
the Raman pump pulses.  The relaxation kinetics in 

 

β

 

-carotene
is discussed considering the vibrational relaxation of the excit-
ed states.

 

Experimental

 

Novel time-resolved Raman spectroscopy measures stimulated
Raman scattering of transient states using three optical pulses.
Figure 1(a) shows a schematic diagram of measurements using the
Raman gain process.  A excited state 

 

e

 

 is initially photogenerated
by a pump pulse; it soon converts to a transient state 

 

a

 

.  The
Raman gain signal of the transient state is induced by a Raman
pump pulse 

 

ω

 

R

 

 and is probed by a supercontinuum pulse 

 

ω

 

S

 

.  The
time-resolved Raman signal is measured by changing the delay
time between the first pump pulse and the other pulses.  Temporal
resolution of this method is determined by the pump and probe
pulses, while spectral resolution is determined by the Raman
pump pulse.  Therefore, combination of the ultrashort pump and
probe pulses and the narrow bandwidth Raman pump pulse can
measure the femtosecond Raman signal with good spectral resolu-
tion.

 

30

 

The Raman signal observed by the novel method is theoretical-
ly calculated as follows.  The transient state 

 

a

 

 generated by the
first pump pulse is assumed to have population

(1)

where 

 

t

 

d

 

 is a delay time after the pump pulse and 

 

T

 

N

 

 is a lifetime of
the transient state.  The initial and final states of the Raman pro-
cess are 

 

a

 

 and 

 

c

 

 in Fig. 1(a), respectively.  Resonance of the
Raman pump pulse to a highly excited state 

 

b

 

 is taken into ac-
count.  Nonlinear polarizability concerning the Raman gain is ob-
tained as

(2)

where 

 

µ

 

 is the dipole moment, 

 

ω

 

αβ

 

 and 

 

T

 

αβ

 

  denote, respectively,
the transition frequency and the dipole decay time between 

 

α

 

 and

 

β

 

 states, and 

 

E

 

R

 

(

 

t

 

)

 

e

 

−

 

i

 

ω

 

R

 

t

 

 and 

 

E

 

S

 

(

 

t

 

)

 

e

 

−

 

i

 

ω

 

S

 

t

 

 are electric fields of the
Raman pump and probe pulses, respectively.  In this study, we as-
sume that the Raman pump pulse is an exponential pulse:

 

E

 

R

 

(

 

t

 

) 

 

=

 

 

 

E

 

R

 

0

 

e

 

−

 

γ

 

R

 

|

 

t

 

−

 

t

 

d

 

+

 

∆

 

t

 

|

 

(3)

and the probe pulse is infinitely short:

 

E

 

S

 

(

 

t

 

) 

 

=

 

 

 

E

 

S

 

0

 

δ

 

(

 

t

 

−

 

t

 

d

 

). (4)

Here, 

 

γ

 

R

 

 corresponds to the bandwidth of the Raman pump pulse
and ∆t is the time difference between the probe and the Raman
pump pulses.

In the case of off resonance (ωbc → +∞), the nonlinear suscep-
tibility for ∆t = 0 is calculated as 

(5)

where ωRG = ωR − ωca and γν = Tca
−1 + TN

−1 are, respectively,
frequency and bandwidth of the Raman line.  Since the transmit-
tance change of the probe pulse is determined by the imaginary
part of the nonlinear susceptibility, the temporal signal follows the
population of the transient state.  The extreme temporal resolution
is caused by the assumption of the delta-function probe pulse.
The spectrum can be observed with the resolution of γR indepen-
dent of the probe pulse.

Figure 1(b) shows the experimental setup.  The femtosecond
light source was a combination of a mode-locked Ti:sapphire laser
(Avesta) and a kHz regenerative amplifier (Spectra Physics, Spit-
fire).  Typical characteristics of the amplified pulse were pulse en-
ergy of 700 µJ at 794 nm and duration of 140 fs.  The pulse was
separated to three beams.  The first beam was delayed using an op-
tical variable delay and passed through a 3 mm LBO (LiB3O5)
crystal.  The second harmonic pulse (397 nm) with energy of 35
µJ was used as the first pump pulse.  The second beam was fo-
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Fig. 1.   (a) Schematic diagram of time-resolved Raman spec-
troscopy (Raman gain).  g and e represent the ground state
and an initially photoexcited state, respectively.  a and c
represent the vibrational ground and excited levels in a
transient state, respectively.  b represents a higher excited
state.  (b) Experimental setup of femtosecond time-re-
solved Raman spectroscopy.  BS: beam splitters, VD: vari-
able delays, LBO: a LiB3O5 crystal, F: filters, S: shutters,
IF: an interference filter, H2O: a water cell, and P: a pin
hole.
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cused into a 10 mm cell containing water.  The generated super-
continuum was focused on a pin hole (70 µm) to stabilize the
beam profile.  The supercontinuum was split to probe and refer-
ence pulses.  They were focused on respective optical fibers and
detected by a spectrometer with a CCD detector (JOBIN YVON,
SR460).  The last beam was delayed using the other optical vari-
able delay and passed through an interference filter with center
wavelength of 794.7 nm and finally used as the Raman pump
pulse.  The bandwidth and pulse energy of the Raman pump pulse
were 23 cm−1 and 25 µJ, respectively.  The probe and Raman
pump pulses were focused on each sample simultaneously (∆t =
0.0 ps).  The stimulated Raman signal was obtained as the change
induced by the Raman pump pulse.  The transmittance change ∆T/
T was calculated and averaged as absorbance change ∆A =
−log10(1+∆T/T) by a personal computer which controlled the
variable delays and shutters.  The photoinduced absorbance
change of the sample was also measured after blocking the Raman
pump pulse with a shutter.

The photon densities of the 397 nm pump pulse on the sample
were 4×1015 and 2×1016 photons/cm2 for the absorption and
Raman measurements, respectively.  The photon density of the
Raman pump pulse was 6×1016 photons/cm2.  The durations of
the 397 nm pump and Raman pump pulses were 200 fs and 700 fs,
respectively.  The temporal resolution of the instrument was deter-
mined to be 300 fs by the crosscorrelation signal between the 397
nm pump pulse and the probe supercontinuum.  The spectral reso-
lution was obtained as 25 cm−1 from FWHM of the Raman pump
spectrum detected by the spectrometer.  Sensitivity of the absor-
bance change was better than 10−3.  The linear polarizations of the
pulses were parallel to each other.

All-trans-β-carotene was purchased from Wako Pure Chemical
Industries Ltd., and recrystallized twice from benzene.  Concen-
trations in the benzene solution for the femtosecond absorption
and Raman measurements were 8×10−5 M and 4×10−4 M, re-
spectively.  The solution was circulated using a 1 mm flow cell.
The measurements were performed at room temperature.

Results and Discussion

Photoinduced Absorbance Change.    The time-resolved
absorbance changes of β-carotene after the 397 nm (25190
cm−1) photoexcitation are shown in Fig. 2.  The changes have
three structures, bleaching at 19500–24000 cm−1, absorption
at 16500–19000 cm−1, and absorption around 10000 cm−1.  A
sharp negative peak at 21980 cm−1 is assigned to the Raman
gain of C–H stretching modes in β-carotene and benzene, be-
cause it is observed when the pump and probe pulses arrive at
the sample simultaneously.  The temporal responses of the ab-
sorbance changes are shown in Fig. 2(b).  The solid curves are
the best fitted curves considering exponential rise and decay
components with convolution of the resolution time.  The ab-
sorption at 10000 cm−1 appears instantaneously after the pho-
toexcitation and disappears with a lifetime of 0.35 ± 0.05 ps.
The bleaching at 21500 cm−1 appears instantaneously and dis-
appears with a lifetime of 8.8 ± 0.2 ps.  The response at 17500
cm−1 has three components: a 0.35 ps fast rise, a 8.8 ps decay,
and the other slow rise component with a time constant of 1 ps.

Since the absorption around 17500 cm−1 is assigned to the
transition from the 2Ag

− state to a higher excited state, the 0.35
ps time constant corresponds to the formation time of the 2Ag

−

state.  The lifetime of the 2Ag
− state is 8.8 ps.  The absorption

around 10000 cm−1 cannot be assigned to either the 1Bu
+ or

1Bu
− state, because the relaxation from the initially photoex-

cited 1Bu
+ state to the 2Ag

− state is expected to pass through
the 1Bu

− state.  The absorption peak at 17500 cm−1 becomes
sharp with the time constant of 1 ps.  Similar spectral changes
have been observed in other carotenoids and have been ex-
plained by vibrational relaxation of the 2Ag

− state.7, 9 
Distinction of Raman Signals.    The signals induced by

the Raman pump pulse contain the changes due to the resonant
excitation, because the photoexcited β-carotene has a weak
transient absorption at 794 nm, as shown in Fig. 2(a).  Consid-
ering the resonance to the highly excited state b, we can calcu-
late the nonlinear susceptibility of the Raman gain signal from
Eq. 2 as

(6)

for td > 0.  Another term with frequency ωbc obtained from Eq.
2 is neglected, because it corresponds to the resonant fluores-
cence from the state b.  The calculated result shows the reso-
nance enhancement, but the initial temporal response is modu-
lated by the decay time Tba and the detuning ∆ω = ωba−ωR. In
the case of longer delay times (td >> Tba, ∆ω−1), the temporal
dependence follows the population of the transient state.

Fig. 2.   Time-resolved absorbance changes induced by the
397 nm pump pulse.  (a) Absorbance change at delay times
of td = 0.0 and 2.0 ps.  A dashed curve is absorption spec-
trum without photoexcitation.  Inset shows the structure of
all-trans-β-carotene.  (b) Transient absorbance changes at
several wavenumbers.  Solid curves are the best fits to the
data assuming exponential rise and decay components.
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Therefore, the time-resolved Raman signal can be measured
even in the resonant case.

The stimulated Raman signal on the anti-Stokes side is
called Raman loss, because the intensity of the probe pulse is
usually decreased by the Raman process.  The resonant effect
of the Raman loss signal is obtained in a similar way to that
used with the Raman gain as

(7)

where ∆ω′ = ωbc−ωR is detuning in the Raman loss process
and ωRL = ωR+ωca is the Raman loss frequency.  The resonant
fluorescence term with frequency ωba is neglected.  The Raman
signal follows the population of the transient state, but the res-
onant term is complex.  Therefore, the spectrum differs from a
Lorentzian shape in the case of near resonance.  It may be in-
verse and dispersive.31

The resonant signal due to the photoexcitation to highly ex-
cited states has a broad spectrum in general, while the Raman
line has a sharp peak and shifts following the Raman pump fre-
quency.  Therefore, the Raman signal can be distinguished
from the spectral feature.  Figure 3 shows the absorbance
changes induced by the Raman pump pulses with different fre-
quencies.  The center frequency of the Raman pump pulse was
changed by tilting the interference filter.  The delay time after
the 397 nm pump pulse was td = 0.7 ps.  The broad absorbance
changes due to the highly excited states are subtracted previ-
ously.  Four positive peaks and a negative peak around 14350
cm−1 are found in the signals.  Since all the peaks shift follow-
ing the Raman pump frequency, they are assigned to the stimu-
lated Raman signals.  Assignments of the peaks are discussed
later.

The Raman signal can be distinguished also by the depen-
dence on the time difference between the probe and the Raman
pump pulses ∆t.  In the case of off resonance, the nonlinear
susceptibility of the Raman gain signal for td > 0 is obtained as

(8)

The temporal dependence on ∆t follows roughly the shape of
the Raman pump pulse and the signal has a maximum at ∆t =
0.  The signal for ∆t > 0 has the bandwidth of γν  + γR.  On the
other hand, the signal for ∆t < 0 has two terms with band-
widths of γν  + γR and γν  − γR.  Figure 4 shows the Raman sig-
nals induced by the Raman pump pulses with different time
differences.  The signals at ∆t = −0.5 and 0.5 ps are about one
fourth of those at ∆t = 0.0 ps.  Such values are consistent with
the duration of the Raman pump pulse.  The lines at ∆t = −0.5
ps have narrower bandwidths.  Especially the line at 990 cm−1

shows an oscillatory structure.  These spectral features can be
interpreted by interference of two terms in Eq. 8 for ∆t < 0.

Therefore, the observed signals are assigned to the stimulated
Raman scattering also from the temporal dependence on the
Raman pump pulse.

Time-Resolved Raman Signals.      Figure 5 shows the
time-resolved Raman signals on the anti-Stokes side in β-caro-
tene after the 397 nm pump.  Since the intensity of the Raman
pump pulse decreases due to the absorption of the transient
states, the Raman signal at each delay time is normalized using
a Raman line of benzene observed at 990 cm−1.  The hatched
signal at 1590 cm−1 is due to benzene.  However, the 1170
cm−1 signal is partly due to β-carotene, because the observed
signal is larger than the hatched signal derived from the inten-
sities of other lines of benzene.  The 1520 and 1170 cm−1 lines
of β-carotene are respectively assigned to the totally symmet-
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Fig. 3.   Absorbance changes induced by the Raman pump
pulses with wavenumbers of 12540 and 12570 cm−1.  The
time difference of the Raman pump pulse is ∆t = 0.0 ps.
The probe delay after the 397 nm pump pulse is td = 0.7
ps.

Fig. 4.   Raman signals on anti-Stokes side induced by the Ra-
man pump pulses with the time difference of ∆t = −0.5,
0.0, and 0.5 ps.  The probe delay after the 397 nm pump
pulse is td = 0.7 ps.
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ric C=C stretching vibration (the ν1 mode) and the in-phase
C–C stretching vibration (the ν2 mode) of the 1Ag

− ground
state.  They decrease after the 397 nm photoexcitation because
of the depletion of the ground state.  The Raman signal due to
the transient state has already been observed around 1790
cm−1 by picosecond Raman studies and assigned to the ν1

mode of the 2Ag
− excited state.12,18,19 In this study, the tran-

sient Raman signal is also observed around 1790 cm−1, but the
spectral and temporal features are remarkably interesting.  The
signal at 0.2 ps has a negative peak at 1770 cm−1, but it be-
comes broad and shifts to 1790 cm−1 at 0.6 ps.  At 2.0 ps, the
signal has a dispersive shape.  At the longer delay times, the
dispersive signal intensity decreases without changing the
spectral shape.

Equation 7 predicts that an inverse or dispersive Raman sig-
nal will appear on the anti-Stokes side in cases of near reso-
nance, but the signal on the Stokes side cannot have an inverse
and dispersive shape as shown in Eq. 6.  Figure 6 shows the

Raman signals on the anti-Stokes and Stokes sides at the delay
time of 2.0 ps.  The dispersive shape is observed on both sides.
Such a result cannot be explained by the near resonance.
Moreover, the 12570 cm−1 Raman pump pulse is far resonance
from the transient absorption due to the 2Ag

− state which has
the peak at 17500 cm−1 and the width of about 600 cm−1.
Therefore, each Raman signal observed in this study should
have a Lorentzian shape.

The inverse and dispersive shapes can be interpreted if one
considers vibrational excited levels.  Since the vibrational re-
laxation takes place in sub-picosecond and picosecond regions,
it should be considered in the femtosecond study.  When the
vibrational levels a and c in Fig. 1(a) have the populations of
Na(td) and Nc(td), respectively, the nonlinear susceptibility can
be written as

(9)

where plus and minus signs correspond to the signals on the
Stokes and anti-Stokes sides, respectively.  If Nc is larger than
Na, the Raman signals have inverse signs to the normal Raman
gain and Raman loss signals.

The signal observed around 1790 cm−1 changes the center
frequency and becomes dispersive.  It can be simulated using
two Lorentzian curves centered at 1770 and 1800 cm−1.  The
temporal dependence of the simulated Raman signals are plot-
ted in Fig. 7.  Both the 1770 and 1800 cm−1 signals are as-
signed to the 2Ag

− state from the temporal dependence.  The
1770 cm−1 signal appears as negative with a time constant of
0.35 ps.  Then it becomes positive with a time constant of 0.6
ps.  Finally it decreases with the lifetime of the 2Ag

− state 8.8
ps.  The 1800 cm−1 signal is always negative.  It appears with
the time constant of 0.6 ps and decreases with the 8.8 ps life-
time.  The negative Raman signal means the Raman transition
from an upper vibrational level to a lower vibrational level.

Fig. 5.   Time-resolved Raman signals on anti-Stokes side at
several delay times after the 397 nm pump pulse in all-
trans-β-carotene.  Hatched signals are due to the solvent.

Fig. 6.   Time-resolved Raman signals on anti-Stokes side and
Stokes side.  The delay time after the 397 nm pump pulse
is td = 2.0 ps.  The Raman loss signal on the anti-Stoke
side and the Raman gain signal on the Stokes side are plot-
ted as positive.  Hatched signals are due to the solvent.

Fig. 7.   Temporal profiles of Raman signals.  Open and filled
circles represent the signals due to the 1Ag

− ground state.
Open and filled triangles represent the signals due to the
2Ag

− excited state.  Solid lines are the best fits to the data
assuming exponential rise and decay components.
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Therefore, the negative 1800 cm−1 signal is assigned to the
transition from the j = 1 vibrational level to the j = 0 level of
the ν1 mode in the 2Ag

− state (the 0–1 Raman transition).  Ac-
cording to this assignment, the 1770 cm−1 line is assigned to
the transition between the j = 2 and j = 1 levels in the 2Ag

−

state (the 1–2 Raman transition).  The kinetics can be ex-
plained by vibrational relaxation of the 2Ag

− state.  The initial
negative signal at 1770 cm−1 is due to the larger population in
the j = 2 level.  Then the vibrational relaxation to the j = 1
level takes place with the time constant of 0.6 ps.  Therefore,
the 1770 cm−1 signal becomes positive and the negative 1800
cm−1 signal appears.  The Raman signals around 1790 cm−1

have not changed the spectral feature at the delay times longer
than 2.0 ps.  This means that the vibrational relaxation from
the j = 1 level to the j = 0 level is slower than the internal con-
version to the ground state.

The 1520 and 1170 cm−1 Raman signals due to the 1Ag
−

ground state decrease instantaneously after the 397 nm pump
as shown in Fig. 7.  The recovery of the Raman signal has a
time constant of 15 ps.  It is longer than the lifetime of the
2Ag

− state.  The slow recovery is explained by the vibrational
relaxation of the ground state.  The internal conversion from
the 2Ag

− state generates hot vibrational levels of the ground
state and the slow vibrational relaxation with the time constant
of 15 ps occurs in the ground state.

Relaxation Kinetics of All-trans-ββββ-Carotene.    The relax-
ation kinetics in β-carotene can be interpreted using the energy
diagram shown in Fig. 8.  First, the vibrational excited level of
the 1Bu

+ state is photoexcited by the 397 nm pump pulse.
Since the vibrational relaxation of the 1Bu

+ state is very
fast,6,10 the initial photogenerated state observed in this study is
the lowest vibrational level of the 1Bu

+ state.  Then, the 1Bu
+

state converts to the 2Ag
− state through the 1Bu

− state with the
time constant of 0.35 ps.  Since the highly vibrational excited
level (j = 2) of the 2Ag

− state is generated at this time, the neg-
ative Raman signal is observed at 1770 cm−1.  The vibrational
relaxation from the j = 2 level to the j = 1 level occurs with
the time constant of 0.6 ps.  Therefore, the 1770 cm−1 signal
becomes positive and the negative signal appears at 1800
cm−1.  Finally, the internal conversion to the 1Ag

− ground state

takes place from the j = 1 level of the 2Ag
− state with the life-

time of 8.8 ps, because the vibrational relaxation from the j =
1 level to the j = 0 level is slower than the internal conversion.
The vibrational relaxation in the ground state is observed as
the slow recovery of the Raman signal with the time constant
of 15 ps.

The difference of the Raman shifts between the 1–2 and 0–1
transitions can be explained by the vibrational coupling.  The
vibrational excited levels of the 2Ag

− and 1Ag
− states in caro-

tenoids are strongly coupled through the ν1 mode.18,19  The
coupling pushes down the j = 1 level of the 1Ag

− ground state
and pushes up the j = 1 level of the 2Ag

− state.  The j = 2 lev-
els are also affected by the coupling, but the shift is expected to
be smaller because of the smaller coupling between higher vi-
brational levels.  Therefore, the 1–2 transition of the 2Ag

− state
has narrower energy gap than the 0–1 transition.

The fast and slow vibrational relaxation of the 2Ag
− state

can be explained in terms of the 1Bu
− state.  Since the 1Bu

−

state in the crystalline β-carotene has been found at 1880 cm−1

above the 2Ag
− state,4 it is expected to exist between the j = 1

and j = 2 levels of the 2Ag
− state.  The ultrafast vibrational re-

laxation until the j = 1 level is considered to be assisted by the
1Bu

− state.  A small spectral change due to the fast vibrational
relaxation is observed as the 1.0 ps rise component in the ab-
sorbance change at 17500 cm−1.  A similar spectral change ob-
served in lycopene9 can be explained also by the fast and slow
vibrational relaxation of the 2Ag

− state, because lycopene has
similar energy levels to those of β-carotene.4  However, the
photoinduced absorbance change in the long carotenoids has a
very large spectral change.7 The large change suggests the vi-
brational relaxation to the j = 0 level of the 2Ag

− state.  The
difference from β-carotene and lycopene appears as smaller
separations of the energy levels in longer carotenoids.  The
1Bu

− state in longer carotenoids is expected to become lower
than the j = 1 level of the 2Ag

− state and to assist the vibra-
tional relaxation to the j = 0 level.  The systematic investiga-
tion of carotenoids with different polyene lengths may clarify
the mechanisms of the fast and slow vibrational relaxation in
the 2Ag

− excited state.

Conclusion

The ultrafast dynamics of the time-resolved Raman signal in
all-trans-β-carotene has been investigated.  The observed sig-
nals have been analyzed considering the resonance effect to
highly excited states.  The stimulated Raman signals are distin-
guished from the other resonant signals using the spectral fea-
ture and the dependence on the Raman pump pulse.  A model
of the relaxation kinetics in β-carotene has been proposed con-
sidering the vibrational relaxation of the excited states.  The
negative Raman signal indicates that the vibrational excited
levels of the 2Ag

− state are generated after the photoexcitation.
The vibrational relaxation of the 2Ag

− state is very fast until
the j = 1 vibrational level, but that from the j = 1 level to the j
= 0 level is slower than the internal conversion to the ground
state.  The fast and slow vibrational relaxations are interpreted
in terms of the assistance of the 1Bu

− state which exists be-
tween the j = 2 and j = 1 levels.  Since the energy level is very
sensitive to energy transfer rates to other molecules, the vibra-
tional relaxation of the excited states in carotenoids should be

Fig. 8.   Schematic energy diagram of all-trans-β-carotene
and relaxation kinetics after photoexcitation.  Dashed lines
represent vibrational excited levels of each state.
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considered when studying the relaxation kinetics and energy
transfer in photosynthesis.
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