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Multiphoton Reduction of Eu3" to Eu?* in Methanol Using Intense, Short Pulses from a
Ti:Sapphire Laser

1. Introduction

Lanthanide and actinide ions display line-like absorptions due
to the inner f-shell transitions in the UWis regions. No
photoredox reaction can be induced by single-photon excitation
of the f-electronic transitions. In the wi&/UV regions, the
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Multiphoton reduction of E¥ to EW?" in methanol was induced by irradiation with the second harmonic
(394 nm, 2 ps) of a Ti:sapphire laser. The conversion efficiencies were increased to 0.3 for short pulse excitation,
as compared to on the order of 2Gor a nanosecond dye laser pulse. It appears that a three-photon process
pumps a deep charge-transfer state from which Efficiently dissociates to Etl. On the basis of the excitation
spectra, the first intermediate state is the state, which is one of the f-electronic excited states. Th& Eu
concentration increased shot by shot and approached a plateau. The saturation behavior will be explained in
terms of the back photooxidation of Euto EuW*.

Smet + e. The two-photon reduction of Euto EW" in
methanol was carried out by the present grblipis is the first
reported example of the above scheme in solution. The excitation
spectra are in agreement with the absorption spectra of the
f-electronic transitions of EU, and we can therefore assume

actinide ions have charge-transfer (CT) bands, that the intermediates are the f-electronic excited states.

in which charge separation can be induced by photoexcitation. The efficiency of E&" to EL?* in the two-photon reduction

Two-photon chemistry via the f-electronic transitions has been Was as low as 1, when the exciting laser was a dye laser
proposed by Donoht#The first photon produces an f-electronic  With @ pulse width of 20 ns. One major reason for the low yield
excited state and the subsequent photons pump a charge-transfé$ probably the short lifetime of the intermediate state. In this

(CT) state. The first reported example of the above scheme isPaper, the exciting pulse had subpicosecond and picosecond
the oxidation of S to S+ in a BaCIF crystad The5Do — pulse widths instead of a nanosecond laser pulse. It has been

7F, or 5D, — 7F, transitions of S# were induced with Cw  shown that the efficiency of the reduction increases dramatically

red dye lasers,

and the second green photon ionizé¢ 8m by several orders of magnitude when these short pulse widths
are used.Short, intense excitation overcomes the short lifetime

t Another affliation: Institute of Laser Engineering, Osaka University, Of the intermediate and results in the pumping of a labile CT
2-6 Yamada-oka, Suita, Osaka 565-0871, Japan. state. The nature of the second and third photon states are not

* Present address: 10Q, PATF Friedrich-Schiller-Univ., Max-Wien-Platz very clear; however, we call them CT states in this paper because
1, 07741 Jena, Germany. ’ ’

§ Present address: Dept. Applied Physics, Nagoya Univ., Chikusa Nagoya Charge separation eventually takes place from the states. To

464-0814, Japan.

explain the saturation effect and the high efficiency reported
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here, the back-reaction and the role of the third photon must be
considered. The back-reaction is a photooxidation of'&o
Eud'. Two-color and two-photon reduction by nanosecond dye
lasers has been preliminary repofteshd the related data are
added.
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2. Experimental Section £
; : : . * Bl + X

Light pulses were delivered from a chirped-pulse amplified 3
Ti:sapphire laser systemThe laser system was capable of ™ /(
producing an output energy of 180 mJ in a short pulse width of e / { " 5L
100 fs with a repetition rate of 10 Hz and at a central wavelength P v v v Sp,
of 790 nm. The laser energy of the second harmonic was less "r;’ A ] 2D1
than 0.79 mJ per pulse. The pulse widths were monitored with A El E 'i 'g " %0
a single-shot autocorrelafofor the fundamental wavelength. 02 € 2 € ] I
The major experiments were carried out with 2 ps pulses. The _ el a2l =g S
laser beam was focused with a dielectric mirror with a 150 mm 'e © b4 S
focal length, and the spot size at the cell position was determined o ¢ } TE.
to be 1.6x 1072 cn? using a CCD camera. The maximum - . 0s

photon intensity after corrections for optical losses was estimated . .
to be 0.48 J cm? or 2.5 x 10! W cm™2 The multiphoton Elg(l;[ge'nlh gﬂ;’gf SLg?gtgggt‘?gﬁéogrée%‘é%';g dOL%‘;(r’l E:':; for ih a

. . . u | . 1Tl Inai W Wi
absorption loss by _the quartz window was low, .bUt prtlcal solid line and nonradiative transitions by a ripple Iiney. The first step of
damage was occasionally seen after 10000-shot irradiation atihe multiphoton reduction is thé - f transition ofSLs —— 7Fo or °D,
the highest energy. The shortest pulse was 0.35 ps, which was— 7r,. The shaded area is a CT band at a wavelength shorter than 350
estimated from a 0.2 ps pulse of the fundamental pulse to benm. The excitation to the CT band causes the dissociation . Eu
elongated due to the group velocity mismatch in a BBO crystal The absorption wavelengths ths and°D; levels' and emission lines
of 1 mm thick for second harmonic generation. Some nonlinear With lifetimes'** and energy gaps (Et (aq))* are taken from the
phenomena were induced by focusing a 0.35 ps pulse with 0.015/terature.
mJ energy to a spot size of 14 102 cm?. White continuum
generation and induced Raman scattering were observed from
pure methanol. These phenomena completely disappeared whe

a sample containing Bt was replaced. ¢ c
P g P the detector was R3809 (Hamamatsu Photonics). The total time

To pump theSLe¢ — "Fp transition of EG" in methanol ) . .
solution, the second harmonic at 394.3 nm was generated by aresolutlon was 50 ps. Eufwas synthesized according to the

BBO crystal; therefore, the central wavelength of the laser was procedure n th? literatureAnhydrous Eu(;;Jwas kept at 1000
tuned to 789 nm. The excitation wavelength at 394.3 nm was K for 2 h with mixed gases of hydrogen, nitrogen, and hydrogen

determined so as to give the maximum luminescence intensityChIO“de' The concentration of Euion was determined by its

at 618 nm (théDg — ’F; transition) of E&" ion. The spectral known molar extinction coefficierf.
width at the fundamental wavelength was measured to be 7.5
nm as full width at half-maximum and the second harmonic
was ca. 3.4 nm. 3.1 Spectroscopic and Dynamical Properties of Eugland
The cell size was 0.2 (widthy 0.4 (depth)x 20 mm (height)  EuCl,. Figure 1 shows a scheme of the multiphoton reduction
with a vacuum cock. Eu@i6H.O (Aldrich) of stated purity of  of EL3* to EW?*. The related energy levels of Etion are taken

The fluorescence lifetimes were measured with a photon-
ounting fluorometer. The excitation light source was the second
armonic of a picosecond dye laser or a Ti:sapphire laser, and

3. Results

99.9% was dissolved in Q.O3 érof meth.anol (Dotite, Lumi- from literature'®-13 Phototransitions (indicated by an arrow with
nasol) with 0.345 M E#" ion. The solution was degassed to  a solid line) and nonradiative transitions (by a ripple line) are
avoid oxidizing E@* with dissolved oxygen. The Bt con- shown. The first step of the multiphoton reduction is an

centration after laser irradiation was determined by its fluores- excitation of the f-electronic transition either #fgs — 7F or
cence intensity. A calibration curve between the concentration 5D, — 7F,. EuCk solution shows CT absorption bands in the
and its fluorescence intensity was made. A Hitati F-4500 wavelength region shorter than 350 AhOne of these bands
fluorophotometer was used to measuré'Efluorescence with appears at 270 nm with a tail to 350 nm and is due to CT
a typical slit width of 10 nm. between E# and CI and the other appears at 230 nm due to

After the solution was irradiated for a number of shots, the CT between E& and methanol. The direct excitation of the
EwT fluorescence was measured to determine the concentrationCT bands induces the reduction ofEuo EW2*. The lumines-
The fluorescence measurement took about 10 min., and the nextence lifetime of the’Dy state is 230us for Eu(ClQ)s in
cycle of irradiation and measurement was then started. methanol and that of théD; state is 4.2us for EuCh in

For the two-color multiphoton experiments with 20 ns pulses, methanol213The lifetimes under the present conditions were
two Lambda Physik FL 3002 dye lasers were used. Those were100us for the®Dy state and 3.4s for the®D; state and are in
pumped by Lambda Physik EMG 201MSC and LPX 100 fair agreement with the above. There has been no clear
excimer lasers. The sample was irradiated af I&0n different information on the lifetimes in solution for the mulutiphoton-
directions. The two beams were carefully adjusted in a collinear active5Ls and®D; states in the literatur¥. The luminescence
axis. The oscillation delay between the two lasers was controlledrise and decay 6iD; — "F1, 536 nm was observed by exciting
within a jitter of just a few nanoseconds using a DG535 the transition ofLs < "Fo, 394.3 nm. No rise time was detected
(Stanford Research Systems) pulse generator. Other details ofhat was slower than the 50 ps response time. The results indicate
the experiments with the nanosecond lasers are describedhat the lifetime of the’Ls state is shorter than 50 ps. The
elsewheré. luminescence at 470 nm, whéi®, — “F; luminescence should
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Figure 2. Absorption spectrum of Eugin methanol (left, part a (ref 8) and a dotted line added by this work) with molar extinction coefficients.
A fluorescence decay of EuLl x 1072 M in degassed solution (upper-middle) is measured by the photon-counting method with excitation at 290
nm. The fluorescence spectra (right) are from BU6 x 1072 M solution (upper one) and from a 26 102 M EuCl, solution containing 0.345

M of EuCl; (lower one). Spectrum b is the absorption profile of Eii€@lmethanol, having the molar extinction coefficient of 2.9'Mm™* at the

peak of 394.3 nm. The shaded area c indicates the slit width of a monitoring light.

Molar extinction coefficient for (a) / 10 3y cm'1

be, was measured. The weak luminescence showed a lifetime 4 .
of 320 ps and may have been due to the decay offhestate. i ]
It is true that the relaxation processes of the and®D, states B .
to the low-energy levels are rapid and efficient.

The spectroscopic properties of Eu@l methanol are shown
in Figure 2. The majority of the absorption spectrum and the
molar extinction coefficients are taken from the literattiesd
the spectrum is indicated by part a. The absorption &f fan
is attributed to the 5@ 4f transition. The spectrum indicated
by a dotted line was added and the scale was adjusted to the
reference spectrum at 380 nm. The molar extinction coefficient
at 394.3 nm was estimated to be 40 Mcm™! and the same
value has been reported for EuCh water!® The long
wavelength side of the spectrum is important for our discussion.
The fluorescence was broad peaked around 480 nm. A IinearFigUfel3- |f-umzinesc_tr3hnc? after i;ra{diating Emlutign%ié%oéz%gnjsooo

H H H H er pulse 1or S. e laser snot numbers were 0, , , ,

relatlonshlp between thg ﬂuorescence. intensity and tré Eu gndploooo shoris from the bottom spectrum to the top. Th& Eu
Co_n_centratlon was experlm_entally obtalned_ and used _for_deter'fluorescence around 480 nm increased irradiating laser pulses. The peak
mining the E@" concentration. One of the important findings ¢t 536 nm is assigned to thB, — 7F, luminescence of EX.
is that EG* fluorescence is quenched by the3Euon. The
fluorescence intensity in the presence of 0.345 M RuCl of EL®" around 618 nm. The whitish color after some laser shots
diminished to 19% of that of the Eugfree solution. The indicates that the blue fluorescence by Emixes with the pink
diminishment in intensity is reasonable because the absorptionEu®* luminescence. In Figure 3 it can be seen that thé&"Eu
spectra of E&" ion overlaps with the emission spectra ofEu fluorescence around 480 nm increases by irradiating thesEuCl
for example, the transition at 464.7 nfDg — "F) is in the solution with 2 ps laser pulses with 0.79 mJ per pulse. The laser
region of E4" fluorescence. The high concentration of the CI  shot numbers were 0, 1000, 2000, 5000, and 10000 shots from
ion could be the cause of the fluorescence quenching. The upperthe bottom spectrum to the top, respectively. The?Eu
middle figure is a decay curve of the fluorescence of 10723 concentration after 10000-shot irradiation reached>8.40-2
M EuCl in degassed solution. The fluorescence lifetime was M; in other words, 3% of the E ions were converted to Bt
measured to be 1.4 ns using the photon-counting method, The peak at 536 nm is assigned to ¥ — "Fo luminescence
although a lifetime of 20 ns was reporté@he new value of of EW3*. The luminescence intensity of Eudecreased with
1.4 ns gives a quenching rate constant of 3x8501° M~ s71, increases in the Bu fluorescence intensity. An irradiated
which is close to the diffusional rate constant of %2100 sample contains Bl and E@* ions. The absorption spectrum
M~1 s 1in methanol. The reasonable radiative rate constant is of EL?* is broad, while that of Eti shows some structures and
derived to be 2.9« 1(° s~ in methanol from the lifetime and  has a peak at 362 nm due to the*Etransition of°D4 — "F
the fluorescence quantum yiéldf 0.0004. as seen in Figure 2c. The Buas well as E&" ions absorb a

3.2. EW¥" Formation by Laser Irradiation of EuCl 3 monitoring light of EG" with a central wavelength of 360 nm
Solution. The luminescence color of an irradiated sample and a width of 10 nm. Therefore, the higher the concentration
showed pink in the beginning of the experiments, and it then of EL?", the lower the absorption intensity of Eurelative to
turned whitish. In fact, the initial color is due to the emission that of E¥" in the 10 nm. In Figure 4, the fluorescence
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Figure 5. [EU?]%%5,, the concentration after 10000 laser shots where
Ew" has been averaged in the sample, are plotted vs laser fluence.
The oblique solid line has a slope of 2.0. The vertical lines on the
circles are reading errors.

5000
Laser Shot Number

Figure 4. Production of E&" vs laser shot number. Irradiation of EYCI
solution with 2 ps laser pulses. Laser energy per pulse: 0.73nJ (
0.69 mJ [0); 0.60 mJ &); 0.50 mJ ©); 0.41 mJ 4); 0.31 mJ ¢). (0.31 mJ, 10 000 shots). The Euconcentrations are propor-
The broken lines are simulation curves taking into account the back tional to the square of the laser fluence. The reduction éf Eu
re_action. The open large circl€)) indicates the use of a moving cell to EW?* clearly proceeds via multiphoton processes, although
with a pulse energy of 0.5 mJ. these results include the back-reaction. In fact, the reduction
can be explained by introducing a three-photon process, and

intensities of E&" are plotted vs the laser shot numbers at o efficiency for the first shot reaches 0.3, as discussed later.
several different laser energies. The?Egoncentration became Figure 6 shows the excitation wavelength dependence
saturated as the number of laser-shots increased. This figur 2 0bs '
includes simulation curves (indicated by broken lines) in which Teu J10000 @t 0.50 mJ/puise®) are plotted vs the central

Y wavelengths of the excitation pulse. It can clearly be seen that

the bactk-reactlon IS takerll mFo accoun.t. (See the ngxt SeCt'on')the conversion efficiency was high if the laser wavelength was
One important observation is that a high concentration éf Eu

tuned to the peak of the El transition,®Ls. Similar results
was detected if a moving cell was used. This is indicated by a \yere optained by irradiation of 9600 shots with 0.015 mJ per
large circle at 2000 shot in Figure 4. The cell moved smoothly pulse in 0.35 ps, where the maximum concentration Gf"Eu
up and down within a range at1 mm at 1 Hz. The average  was 4x 10-3 M and the other two values were normalized.
concentration of EXf can be kept low, and hence the back- on the basis of these observations, the reduction 8t Eu
reaction to E&" is suppressed.These experiments correspond g g+ proceeds via thél ¢ state.

to enlargement of the irradiation volume, therefore indicating

that dilution will reduce the efficiency of the back reaction. The 4, Discussion

observed E¥" concentration was in fact more than 4 times
higher than that expected from the simulated curve for a laser
intensity of 0.5 mJ.

ici + + i . v v v
The efficiency,¢s—», of EL*™ to EL?T is defined as follows: EFTX LA (Eu3+)*X ey (EuZ+X+)* o B 4 Xt

4.1. Saturation Behavior Explained by the Back Reaction.
The reaction scheme is thought to be as follows:

[Eu**] observed

_ 1) EPTY 2 (EPHY)* — EFT 4+ Y~ )
calcd photons absorbed by ¥u

¢3—>2
The first photon at 394.3 nm pumps the f-electronic transition

- : of 5Lg <— Fo, and the second and the third photons pump into
The number of photons absorbed by3Euas indicated in the the CT states. X can be Glmethanol, or HO. The final CT

denominator of the above equation, is calculated based upon S . X :
several assumptions. Single photon absorption is assumed. ThenStalte efficiently dissociates to Eu The existence of a back-

although laser energy may also be absorbed by tfé ke, reaction is introduced to explain the saturation behavior of the

this phenomenon is neglected 3Einas an absorption coefficient ?Egtgggi?ﬁecggﬁéwiaglggcg:nggh:g dc§n Ft?'g drS(?ttiginvslhg; i;,.i
of e3+ = 2.9 M~1 cm™1 for the 5L — "Fy transition, although H.0. as follows: P Y -
the spectral width of the laser pulse, 3.4 nm, is wider than the ' 2" ’

2 nm of the transition. The calculated number of photons
absorbed by Eif in the vicinity of the surface is Sn(2.308

1P eslo[EWET)/V = 6.2 x 1072 M, where |y is the photon
number expressed with units of Einsteinfowith 0.50 mJ per
pulse and Sn is the number of irradiating laser shdts a
factor of volume dilution, in this case, 76.3. The observed
concentration was 5.2 102 M at 2000-shot irradiation.
Therefore ¢z, (moving cell)= 5.2 x 103 M/6.2 x 102 M

= 0.084, was estimated.

Y =HO +H
H* + CH,0OH — H, -+ ‘CH,OH ©)

It should be noted that small bubbles assignabletprbiduction
were observed during laser irradiation. The appreciable bubble
formation can be seen when a solution containing'Eis
irradiated with an excimer laser at 308 nm under the intensities
far below ablation threshold. Etiis reduced to E&f and the

3.3. Multiphoton Reduction via °L¢ Excitation. The ob- photo-back-reaction occurs. The intensity of the femtosecond
served E&" concentrations after 10000 laser shots, laseris below the threshold of laser ablation. These observations
[Eu2+]‘;3300 are plotted in Figure 5. The apparent efficiencies support H formation; however, the components of the bubbles
were estimated to be 0.016 (0.79 mJ, 10 000 shots) and 0.0048vere not analyzed.
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Figure 6. Wavelength dependence of the concentration of* Bus

the laser central wavelength. Irradiation by 10000 shoth wi ps
pulse width at 0.50 mJ/puls@®] with the concentrations indicated by
the vertical scale on the left. Irradiation by 9600 shots with a 0.35 ps
pulse at 0.015 mJ/pulsgl}; the maximum concentration was410-3

M and the other two values are normalized. The vertical lines indicate
error bars. The horizontal bars indicate the spectral half-width of the
laser pulse. The solid curve is the absorption spectrum arourfil ghe
— "Ry transitions with the molar extinction coefficients indicated by
the vertical scale on the right.

Reaction scheme 2 is expressed by the following differential
and integrated equations:

A E 2+
[AUS 1 052l 5 [EWT] — ¢, gl [EU7T] 4)
1-— — o al S
B = gty B0 -tz

¢2~3I 2+

A[Eu?'] is the rate of concentration increase A§ laser shots.
#3_., is a special term referring to the conversion efficiency of
the first shot from E®" to EL#". The second term in eq 4 is the
back-reaction in response to the laser excitation éf Ewhere
I+ at the surface is (2.308 10%)ex+lg, €2+ = 40 M1 cm™1,
and¢,—3 is the back-reaction quantum yield from#uo E(F+.
The photooxidation of Eif to EL?* has been known since 1948,
and the reaction produces hydrodént’ Davis et alt’ have
measured the yields of hydrogen productigi, at several

Nakashima et al.

and measurement took 10 s and 10 min, respectively. The last
cycle was 500 s of irradiation and 10 min of fluorescence
measurement. The back-reaction rate depends on the concen-
tration of E¢* or, in other words, on the diffusional dilution

of ELPT.

We have tried to create simulation curves to reproduce the
experimental points in Figure 4 by applying eq 5, which does
not include the effect of diffusional dilution. As a first
approximation, the diffusional dilution is complete in 200 s,
but no dilution occurs in less than 100 s. For the case of 10000-
shot irradiation as an example, the2Ewconcentration after
10 000 shots was calculated according to the irradiation
procedure, as follows:

[Eu*155000= [EU*155° + [EU*'155° + [EU* 1555 +

[EU*" 1556 + [EU* 15560+ [EU* 15500+ [EU 15500 (6)
The 10 000 in the [Eti]$3%  on the left of eq 6 indicates the
total number of laser shots. Each number of laser shots in the
period of continuous irradiation at 10 Hz is shown in the
subscript of each term on the right side of eq 6. An increase in
the E@* concentration was observed after 5000 laser shots. This
increase is probably due to the diffusional dilution effect of the
EWw" ion. To simulate the experimental results, either
[EU?T1SS or [EWF]SaC, was approximated to be twice the
value of [Eﬁ*]ig'go The calculated values are drawn as broken
lines in Figure 4. The simulation curves reproduce the experi-
mental observations fairly well. Thelgbgh2 can be evaluated
from the data after 10 000 shots and the fitted numerical values
in the simulation curves.

We should first of all compare the experimental observation
¢3—» (moving cell) where the back-reaction is suppressed and
a first shot efficiencyps ., where no back reaction occurs. The
experimental observation value of 0.084 §gr-, (moving cell)
and the 0.101 simulated valug; .,, at 0.50 mJ laser energy
are satisfactorily close. The relationship ¢§ﬂ2 > o3
(moving cell) is reasonable. The highest efficiency was simu-
lated to be 0.329 fo¢§ﬂ2 at the highest irradiation energy of
0.79 mJ and these values are plotted on Figure 5.

The highest efficiency of the three-photon process is close
to one-third, in other words, the photoreduction efficiency is

excitation wavelengths and have pointed out that twice the value ¢lose to unity for the third photon. The efficiency of geminate

of ¢n2 is reasonably in agreement with the old valle¥. The

recombination from E&i X to EL®* X~ is suggested to be low.

$2-3 value at the laser wavelength of 394.3 nm was interpolated A_Similar low efficiency, namely, a high photoreduction

to be 0.11 from the data by Davis et al.

calc

The integration of eq 4 gives [Eifl]Sn ineq5 as a
calculated concentration of Euafter Sn laser shots. Sn is the

number of the laser shots in the period of continuous irradiation.
The back-reaction causes saturation effects, which can be seen

in Figure 4. When Sr= 90, the quantity of E& produced is
90 times that of¢§ﬁ2I3+[Eu3+] , but 47.3% is expected to
photochemically returns to Etiaccording to egs 4 and 5. The
final [EU”T]S3° value is evaluated to be 47.4 times that of
¢§_,2I3+[Eu3+] using a¢, -3 value of 0.11 and 0.79 mJ /pulse
irradiation. [Ed g*;'° is calculated to approach a constant,
when Sn> 500 in all power range in the present experiments.
The constant simply means that fEliand [EW#'] are in a
photochemical equilibrium.

To draw the simulation curves as shown in Figure 4, the

experimental procedure was taken into account. After the [Eu™]]

solution was irradiated fdl s (10 shots), the Bt fluorescence

efficiency, has been observed for the case of one-photon
excitation to the CT band by a UV lasErThe one-photon
efficiency is 0.97+ 0.2 for a system of Euglin methanol on
irradiation with a UV laser (308 nm).
4.2. Three-Photon Formation and One-Photon Back-
Reaction. The reduction efficiencyy ., and the concentration
of Ew?t, [EU?" ia'°, in response to the first shot are extracted
from the simulation curves based on egs&4and are plotted
in Figure 7. An extracted concentration of fE{f*° is ex-
pected at the surface without diffusional dilution. The efficiency
itself qbé_,z is found to be proportional to the square of the laser
fluence. The [Efi"15%°is proportional to the cube of the laser
fluence. The experimentally observed values of [BIES,, in
Figure 5 are proportional to the square of the laser fluence. The
square relationship for [Eii] gggooand the cube relationship for
1% indicate that the reduction takes place as a three-
photon process and that a one-photon back-reaction is included.

was measured to determine the concentration. The fluorescence 4.3. Initial Process of One-Photon Absorption by théfL ¢

measurement took about 10 min. The next cycle of irradiation

State and Suppression of Multiphoton lonization of Solvent.
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repectively. [EﬁJr]galc is a calculated concentration at the position the peak wavelength of tH®, Fo transition. The horizontal scale
shows the wavelength of the second dye laser.

where the laser irradiated, with no diffusional dilution.

Solvated electrons can reduce 3Euto EW, as has been tion efficiency in the present experiments more than the electron
observed in the field of radiochemistf/2° The reactions  ejection mechanism.
observed in the present experiments are not due to the 4.4. Higher CT Excitation Leads to a More Effective
multiphoton ionization of methanol. The multiphoton ionization Reduction. Two-color and two-photon excitation by nanosecond
of methanol should not show a wavelength dependence withinlasers can enhance reduction efficienfiegdew data were
a range of a few nanometers. The present irradiation energyobtained, and the new calibration line for the?Eaoncentration
was lower than 2.5¢ 10" W/cn? and can probably produce  was used in this study (Figure 8). The first photon was fixed at
solvated electrons if pure methanol is used. Solvated electronsthe transitiorPLg < "Fo (394.3 nm) with a laser fluence of 440
have been known to form from pure methanol using a 300 fs mJ/cn?. The laser fluence of the second laser was kept at 490
laser focusable to more than #0N/cn? at 620 né! Even mJ/cn?. The efficiency was measured for the first photon
from water, three-photon excitation is capable of forming irradiated. The efficiencies were measured at four different
solvated electrons with an irradiation energy of about'!10 wavelengths.The 394.3 nm laser light itself induces two-photon
Wi/cn? at 351 nne2 These reactions were studied using several reduction, and the efficiency was 1:6 1075. At two short
laser lines in a wide range of wavelengths of 62@3 nm. wavelengths, 510 and 530 nm, the efficiencies were enhanced
Figure 6 clearly shows the excitation wavelength dependenceto 3.5 times that of conditions without the second photon. For
within a range of a few nanometers. The photoprocess with the the case of the first photon tuned to g, — "Fy (464.7 nm)
lowest threshold take places first. Our system include¥ Eu transition, five wavelengths were examined for the second
which can absorb photons by a one-photon process. This procesphoton. The efficiency reached ¥ 105 at the shortest
obviously has the lowest threshold, and other multiphoton wavelength, 450 nm, and at other wavelengths were the same
processes, including formation of solvated electron, are thereforeas that obtained without the second color. The two lasers were
suppressed. operated at the same time for the above experiments. No
It should be noted that clear wavelength dependencies haveenhancement was observed when the second laser was delayed
been observed by the present group by dye laser excitation with50 ns. The lifetimes of the intermediates are shorter than 50 ns.
a pulse width of 20 né.This reduction occurs via two-step  The results directly indicate that neitH&, nor Dy can be an
excitation, and one of the intermediates is the state. The intermediate of the two-photon reduction because the two states
mechanism for this reduction is rather similar to the case of have lifetimes that are much longer than microseconds.
Sn¥* oxidation to St that has been observed by Winnacker ~ When the total photon energy is higher than 5.4 eV (230 nm),
et al2 Either®Dg — "Fg or °D; — “F transitions of S~ were the efficiency is enhanced based on the wavelength dependencies
excited with CW red dye laser lines, and the second green of the two-color and two-photon experiments. The CT band of
photon ionizes SAT to Sn#t + e. On the other hand, the EuCkin methanol starts from 350 nm toward short wavelengths
multiphoton reduction of Eif in a crystal of KBr has been  and the excitation to this band by one-photon excitation induces
reported in response to nanosecond dye laser excit&tion. photoreduction with a high yiel® One of our important
the reported experiment, there was no clear relation betweenfindings from this study is that the photoreactive CT band moves
the excitation spectrum of the reduction and the absorption to the high-energy side from the f-electron excited states.
spectrum of E&. The excitation spectrum was monotonical The short-pulse excitation described in the present paper
and higher as it moved toward shorter wavelengths. They succeeded in dramatically enhancing the photoreduction ef-
suggested that the reduction proceeds via quantum mechanicaficiency to 0.3 from 10° by nanosecond lasers. The dependency
multiphoton processes. on the laser fluence indicates that there is a three-photon rather
There is another possibility of solvated electron formation. than a two-photon process for the case of nanosecond pulse
Electron may be ejected from the state pumped by the third excitation. Possible explanations for the efficient reduction are
photon. Some of the electrons can escape from the initial pair as follows. To reduce Bt to EW**, higher CT levels are more
and could be trapped by an #uon, and the reaction produces reactive. The higher state has a shorter lifetime, and a shorter
EW?*. The quantum yields of the escape probability are not very laser pulse can therefore pump effectively from a CT state to
high for several inorganic monoions studied by laser excitétion higher CT levels. The lifetime of the CT level reached by the
and are in the range of 0.02 and 0.55. Consequently, the CTsecond photon of a nanosecond pulse is probably too short to
excitation mechanism is appropriate to explain the high reduc- be excited by the nanosecond lasers to the labile CT level. It is
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