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Time-resolved luminescence spectroscopy by the optical Kerr-gate method applicable
to ultrafast relaxation processes
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We have developed a femtosecond time-resolved luminescence spectroscopy by the optical Kerr-gate
(OKG) method to investigate ultrafast carrier dynamics and relaxation processes of materials. Solid glasses
with a high nonlinear refractive index were used as the Kerr media to obtain a subpicosecond time resolution.
When a quartz plate was used as the Kerr medium, the Kerr efficiency and the instrumental response time of
our spectroscopic system were 5-10% an#50 fs, respectively. By employing the OKG method, we
revealed the internal conversion frdBa to S; state ofB-carotene with a low fluorescence quantum yield and
an ultrafast fluorescence decay time, and the lifetime oSjhetate was determined to be 210 fs. An advantage
of the OKG method relative to the conventional up-conversion technique is its ability to directly obtain
time-resolved luminescence spectra, and thus the OKG method might be superior to the up-conversion tech-
nigue to investigate ultrafast carrier dynamics and relaxation processes of materials.

I. INTRODUCTION light region by using benzene solution as the Kerr medium.

. . . . .However, the temporal response near ultraviolet light region
Observation of the transient behavior of excited states i ~400 nm was broadet~1 ps due to the large group ve-

of great impprtance and interest in s_tudying qarrier_dynamic ocity dispersion between the different spectral components
and relaxation processes of materials. To_ mvestlgate suc(l;r probe pulses, and the contrast ratio available was small
phenomena, the femtosecond up-conversion IuminescengRc, se of the component of molecular rotational relaxation
spectroscopy has been utilized for the last 10 years as a po\yjith rather long recovery time in the medium. For the above
erful spectroscopic tool, since Shah and co-workers develeasons, it seems difficult to observe the time-resolved lumi-
oped this techniqué.® Since the wavelength and direction of pescence spectra of materials in a wide spectral region with a
the sum frequency output are far away from those of theubpicosecond time resolution by the OKG method.
detected luminescence and gating laser pulses, the up- High refractive solid glasses are known to have a high
conversion technique is basically a background-free deteahird-order nonlinear susceptibility and have an instanta-
tion. Time evolution of luminescence is thus sensitively ob-neous response because of the absence of the rotational
tained. In this technique, however, the phase match angle oélaxation'®~*2implying that they are good candidates as the
nonlinear crystal to generate the sum frequency output has tderr media to investigate ultrafast carrier dynamics and re-
be varied when changing the detected luminescence photdaxation processes of materials. From this point of view, very
energy. This brings difficulties to correct the relative lumi- recently, a few groups tried to measure the time-resolved
nescence intensity for different photon energies and to detetuminescence spectra of different materials in femtosecond
mine the origin of time axis for the delay of the lumines- time domain by use of solid glasses as the Kerr m&ti.
cence. As a result, this technique makes it difficult to obtain In this paper, we present a time-resolved luminescence
time-resolved luminescence spectndich could provide us spectroscopy by use of the OKG method with a subpicosec-
important and fruitful information on carrier dynamics and ond time resolution using solid glasses as the Kerr media.
relaxation processes of materials. The Kerr efficiency and the instrumental response time of

On the other hand, time-resolved luminescence spectraur spectroscopic system are 5—-10% arn2b0 fs, respec-
can be directly obtained by the optical Kerr-gateKG) tively, when we use a quartz plate as the Kerr medium. By
method. In the OKG method, liquids or solutions such asemploying the OKG method, we measured the time-resolved
CS, are generally used as the Kerr media. Since the timéuminescence spectra g8-carotene with a low quantum
response of the optical Kerr effect for liquids/solutions isfluorescence efficiency and an ultrafast decay time, and the
governed by rotational relaxation of molecules, the typicallifetime of the S, state of3-carotene was determined to be
time resolution of the OKG method is limited to 1-2 ps s0210 fs. Our results suggest that the femtosecond OKG lumi-
far.”® Moreover, the OKG method contains substantial backnescence spectroscopy is a powerful spectroscopic tool to
grounds coming from the scattered light and luminescenc@vestigate ultrafast carrier dynamics and relaxation pro-
itself which survive against the crossed polarizers. Hulincesses of materials, and that the OKG method might replace
et al. obtained time resolution as short as 0.5 ps in visiblethe upconversion method in the near future.
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FIG. 2. Log-log plot of the Kerr efficiency of quartz and SFL-6
with a thickness of 0.5 mm vs gate intensity.

ments, CCD-1100PBcooled by liquid nitrogen and a pho-
tomultiplier (Hamamatsu, R-928 These detectors can be
easily switched on and off by moving an internal mirror of
the monochromator. Time-resolved luminescence spectra
splitter; NLC, nonlinear crystalBBO, typel); L,L,, fused silica W?re detected by the CCD Qetector, while time evquFlor.l of
lensesiLs,L,, achromatic lenses; OPM, off-axis paraboloidal mir- third order correlation function qf the sggttered excitation
ror: P, film polarizer; HP, half-wave plat, interference filter; PM,  Pulses was detected by a lock-in amplifigstanford Re-
photomultiplier; CCD, CCD detector. search, SR510

T — :] a charge-coupled devicgcCD) detector(Princeton Instru-
PM

CCD

FIG. 1. Experimental setup for the OKG method. BS, beam

Il. EXPERIMENT B. Evaluation of our OKG method

A. Experimental setup To obtain a higher Kerr efficiency and a better time reso-

Second harmoni¢400 nm and fundamental laser pulses |ution, we examined two types of solid glasses with a thick-
(800 nm from a commercial Ti:sapphire regenerative ampli-ness of 0.25, 0.5, and 1 mm as the Kerr media; one is a

fier laser system(Spectra-Physics, Spitfirewith a 100-fs  quartz plate and the other is a SFLLBCHOTT GLASS
pulse duration and a 1-kHz repetition rate were used as eXjate with nonlinear refractive indexes of k10 3 and

citation and gating pulses, respectively. Figure 1 illustrates g gy 10 Besul® respectively. The quartz is transparent

schematic diagram of our optical' ;etup. Thglfund_amentaébove 200 nm, the SFL-6 above 400 nm. Both Kerr media
beams from the reger}eratlve amp.I|f|er were divided l'nto. tWOare therefore suited for time-resolved luminescence measure-
beams at a beam splittéBS); one is used as the excitation ments in the visible light region

pulse of sample after the second harmonic generation at a The Kerr efficiency and the overall time resolution of our

nonlinear crystal(NLC) and the other as the gating laser . .
pulse to rotate the polarization of luminescence at a KerpKG spectroscopic system were evaluated by the Kerr signal

medium. The Kerr medium was placed between crossed péghird order correlation functionof the scattered excitation
larizers (P). To reduce the group velocity dispersion of our pulses(400 nm) from a diffusive glass plate placed at the

optical setup, film polarizers with an extinction ratio of S&mPple position. The Kerr efficiency is defined by the ratio
1(3-10" in visible light region and off-axis paraboloidal qf intensities of the Kerr S|gna! relative to the toFaI gcattgred
mirrors (OPM) were used. The luminescence or scattered'_ght_passed through the polarizers whose polarization direc-
light from a sample was collected by the OPM's. The use ofion is parallel.

the OPM's instead of lenses eliminates an aberration among Figure 2 shows the Kerr efficiency of the quartz and
different wavelengths of detected luminescence/scatteredFL-6 plates with a thickness of 0.5 mm as a function of gate
light at the Kerr medium. The luminescence/scattered lighintensity in a log-log plot. Solid circles and triangles show
from the sample after passing through the first polarizer wathe observed Kerr efficiency of the quartz and SFL-6, respec-
focused into the Kerr medium together with gating pulsestively. The Kerr efficiency follows ath power law of the
which were variably delayed by a translation stélgkeiritsu,  gate intensity as shown by the broken lines; the valuefof
MS-C600 with a minimum step of lum. The spot sizes of the quartz is 2.4 and that for the SFL-6 is 2.0. For the same
gating pulses and luminescence/scattered light at the Kegate intensity, the Kerr efficiency of the SFL-6 is 60—80
medium were arranged at300xX300 and~200x200 um? ~ times larger than that of the quartz. For all the measure-
respectively. The time-resolved luminescence then passeadents, generation of a white-light continuum or presence of
through the second polarizer and was focused into an erany higher-order nonlinear effect at the Kerr medium was
trance slit of a monochromatéActon, Spectrapro-50Qvith not observed.
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Here,l ¢(t) andlp(t) are the intensities of the strong gating
pulse and the weak probing pulg¢gcattered light respec-
tively. Assuming that the correlation functid®®)(7) has a
Gaussian shape, the full width of half maximyMVHM) of
the correlation function is 620 fs for the SFL-6 and 230 fs for
‘ ) the quartz. The time response function of the quartz is much
“ ' narrower than that of the SFL-6. The SFL-6 slightly absorbs
. the scattered excitation pulses in the wavelength region of
i ] 400 nm, implying that the group velocity dispersion of the
SFL-6 around 400 nm is large. The blue part of the scattered
light propagates slower than the red part of the scattered light
0 ' = . through the SFL-6, and consequently the time profile of the
1000 -500 0 500 1000 Kerr signal becomes broader.

The time response function as well as the Kerr efficiency
depends on the thickness of the Kerr medium. The Kerr ef-

FIG. 3. Time response of third order correlation function of the ficiency increases while increasing the path length of the
scattered excitation pulses for quartz and SFL-6 plates. Dots shoierr medium by Eqgs(2) and(3). On the other hand, the time
the experimental data and solid curves indicate the Gaussian fitsesponse function becomes broader while increasing the path
The FWHM's of the correlation function for the quartz and SFL-6 |ength due to the group velocity dispersion of the Kerr me-
are 230 and 620 fs, respectively. dium. In the case of the quartz, for instance, the Kerr effi-

ciency and the time response were 10% and 35Q fsim),

A strong electric field by the gating pulses induces ansos and 230 0.5 mm), and 3% and 190 f60.25 mm) for

optical anisotropy and consequently a transient birefringencghe same gate intensity of 200 mJfcm

T T
SFL-6 (0.5 mm ) i

620 fs

I
quartz ( 0.5 mm ) ?

Kerr Signal

230fs

Delay Time (fs)

in an isotropic Kerr medium. The refractive indexs given We obtained the Kerr efficiency of 5—10 % and the width
by of the time response function o250 fs when we used a
=g+ ny(E?), o) quartz plate with a thickness of 0.5 mm as the Kerr medium.

In the up-conversion technique, the efficiency of the sum
wheren, is the linear refractive indexy, the nonlinear re- frequency generation and time resolution of the system are
fractive index, ancE the applied optical electric field. The typically ~10% and~200 fs, respectively, when one uses
phase shiftd induced by the birefringence depends on thethe fundamental and second harmonic pulses as the gating

applied optical electric field and the excitation pulses, respectively, from a femtosecond
laser system having a pulse duration of 1085&Ve there-
2l 5 fore conclude that a quartz plate with a thickness of 0.5 mm
= Tn2<E ) 2) is a reasonable choice as the Kerr medium, and that the ob-

) ) ) tained Kerr efficiency and time resolution are enough for
wherel is the path length traveled in the Kerr medium by the measyrements of ultrafast carrier dynamics and relaxation
light of a wavelength\. The observed transmitted intensity processes of materials.

(Kerr signa) I, then depends on the induced phase shift
according to
lIl. EXPERIMENTAL DEMONSTRATIONS
lc=1loSI(®/2)~1o(P/2)%cn3l . 3
To demonstrate performance of our OKG method, we

Here, | is the gate intensity and proportional to the squaremeasured the time-resolved luminescence spectra of
of the applied electric field. For small values ®f the Kerr  g-carotene, which has two energetically low-lying singlet
signal is proportional to the square of the phase shifthat  states; one is related to thé&y(S;) state, which is dipole
is, the square ofg andn,.!” The larger the values ai,, forbidden from the ground state by the parity conservation,
|, andl, the stronger the obtained Kerr signal is. As shownand the other is related to thé-H,(S,) state, which is re-
in Fig. 2, the observed Kerr efficiency increases almost quasponsible for strong absorption in visible light regitfFig.
dratically with the gate intensitls , as indicated by Eq3).  4).181° The optical transition to th&, state induces an ul-
Because the nonlinear refractive index of the SFL-6 is ninarafast internal conversion to tt® state, followed by relax-
times larger than that of the quartz, the Kerr efficiency of theation to the ground state. The fluorescence quantum yield is
SFL-6 is about 80 times higher than that of the quartz for theherefore very low (10°-10 %) (Refs. 20—22and the life-
same gate intensity. time of theS, state is very short190—250 f.2223

Figure 3 shows third order correlation function of the  purchaseds-carotene(Wako Pure Chemical Industries,
scattered excitation pulses as a function of delay time for thepecial gradewas used as the sample without further puri-
two kinds of Kerr media, the quartz and SFL-6. The gatefication. TheB-carotene was dissolved mhexane solution
intensity was arranged to have the same Kerr efficiency ofyith a concentration of 2810 °> M. The solution was kept
5%. The third-order correlation function measured by theunder N saturated conditions and circulated by a peristaltic

OKG method is defined by pump through a flow cell with a 1-mm path length during the
e time-resolved fluorescence measurements.
G(3)(T):f Ip(t)I2(t+ 7)dt. (4) For the time-resolved fluorescence measurements, the
—w second harmoni¢400 nm and the fundamentd800 nm)
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FIG. 4. Absorption(broken curvg and time-integrated fluores- Hy 0fsd L 860 fs
cence(solid curve spectra ofp-carotene inn-hexane solution at | 11 |
room temperature. i i ]
. . . e Okt ; 1 1 Er P ey
pulses of the Ti:sapphire regenerative amplifier were used as 450 500 550 600450 500 550 600

the excitation pulses of a sample and the gating pulses, re-
spectively. The origin of time axist €0) is defined by the
time when the intensity of the scattered excitation pulse be- fig 5 Time-resolved fluorescence spectratarotene in
comes maximum. The time-resolved fluorescence spectignhexane solution for different delay times.

were measured every 33 fs from1000 to 1700 fs. The

typical accumulation time of the CCD detector to take aihe time profile of the third order correlation functiéfig. 3
time-resolved fluorescence spectrum was 1-2 min. Thes 5150 shown by a broken line. A solid curve is the best fit
group_velomty d_|5p<_ar5|on of our optical setup was evaluateqpiained by a single exponential decay of 21D fs convo-

by using a white-light continuum generated mhexane/ 1o with the instrumental response function. The lifetime of
water in a flow cell which was placed at the sample posnmnches2 state was estimated to be 190—250 fs by the transient

instead of the sample. The chirp of the time-resolved ﬂuo'absorption measureméht and the  up-conversion

rescence spectrum was then corrected by a software procgsehnique?® The observed fluorescence decay time of 210 fs
dure on a microcomputer. When the time-integrated fluoresi i go0d agreement with the estimated value from the pre-
cence spectrum was measured, two pieces of the polarizels, ,s" measurements.

were set to have a parallel polarization and the gating pulses \y clearly observed the time-resolved fluorescence spec-

were blocked. . L tra of B-carotene in femtosecond time regime, which has a

Figure 4 shows absorption and time-integrated fluoresyqry 1o fluorescence quantum yield and an ultrafast fluo-
cence spectra op-carotene inn-hexane solution at ro0m rescence decay time. This strongly shows that the OKG
temperature. The strong absorption from §60 S, state IS ethod is a powerful spectroscopic tool to investigate

observed at a visible light region. The broad fluorescenceyiyratast carrier dynamics and relaxation processes of
band is located at-515 nm. The characteristics of these materials.

spectra are consistent with those previously repditéd.
Figure 5 shows time-resolved fluorescence spectra of
B-carotene for different delay times at room temperature. IV. SUMMARY
The solid curves are added as visual guides to help clarify
the peak position and the FWHM of the spectra. The fluo
rescence spectrum &t 0 has a shoulder at460 nm, which
deviates from the solid curve as shown by a solid arrow. This

Wavelength ( nm )

Time-resolved luminescence spectroscopy by the OKG
‘method has been developed to investigate ultrafast carrier

comes from the scattered light of the excitation pulse. The ‘ . o A esponse
peak position(~515 nm and the FWHM of the spectra LO- / v 5200m
(~80 nm) are almost independent of the delay time. More- = Rl
over, these values are in good agreement with those obtained S
from the time-integrated fluorescence spectfig. 4). This i
indicates that the observed time-resolved fluorescence of 8 05 ]
B-carotene comes from a single origin. The absence of the §
dynamic Stokes shift suggests that the intramolecular relax- 8 .
ation takes place within the time resolution of the system. In g . y .

. . . . . = 0.0 2 i
fact, the intramolecular relaxation in tt® state is consid- 21000 0 1000 2000
ered to occur within 50 fs in previous papét$? Delay Time (fs)

Figure 6 shows time evolution of the fluorescence of
B-carotene measured by the OKG method. Closed circles, FIG. 6. Time evolution of fluorescence gcarotene. Closed
triangles, and squares indicate the observed data points éitcles, triangles, and squares indicate the observed data points at
different detected wavelengths 480, 520, and 560 nm, redifferent detected wavelengths 480, 520, and 560 nm, respectively.
spectively. The instrumental response function obtained fronThe instrumental response function is also shown by a broken line.
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dynamics and relaxation processes of materials. The solidecay time. The lifetime of th8, state was determined to be
glasses with high nonlinear refractive indexes were used a810 fs by the OKG method.

the Kerr media to obtain a subpicosecond time resolution. The advantage of the OKG method relative to the conven-
The characteristics of our OKG method when we used dional up-conversion technique is in its ability to directly
quartz plate as the Kerr medium are as folloy#:the Kerr  obtain time-resolved luminescence spectra, which include
efficiency and the width of the instrumental response funcimportant and fruitful information on carrier dynamics and
tion are 5—-10% and-250 fs, respectively—the time resolu- relaxation processes of materials. For this advantage, we be-
tion of our OKG method becomes better than 100 fs after thdieve that the OKG method might replace the up-conversion
convolution procedurg?) tunability of the excitation wave- technique to investigate the ultrafast carrier dynamics and
length covers a wavelength region of 380—420 nm, €8)d relaxation processes of materials.

observable spectral range of a time-resolved luminescence
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