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The proposed time-resolved spetrometry is of high temporal resolution within the femtoseond

sale. Reently, performing of real-time studies of moleular dynamis is of great interest. The

photoeletron spetrometry exhibits high sensitivity, sine photoionization is an indued proess

and the eletrons an be olleted eÆiently by an eletromagneti �eld. Suh method is applied to

ultrafast dephasing proess in moleular pyrazine. The photoeletron imaging allows measurements

of speed and angular distributions with unit olletion eÆieny of eletrons. We should note that

the photoeletron imaging probes short range and short time dynamis involving the eletroni

relaxation. The method is haraterized by photoionization of NO and further applied to ultrafast

dephasing in pyrazine. The ombination of time-resolved photoeletron and photoion imaging will

allow us to observe photo-indued dynamis of moleules and lusters from time t = 0 to 1 with

a single apparatus. The experimental results are ompared with the theoretial analysis of strong

impat onto the multi-eletron systems.

Key words: moleular dynamis, exited states of moleules, photoeletron spetra, time-

resolved methods.

PACS number(s): 31.70.Hq, 34.50.Gb, 33.80.Rv

I. INTRODUCTION

Time-resolved photoeletron spetometry (PES) is

quite promising in probing the photoindued dynamis

of moleules and lusters in gas phase [1{3℄. When exit-

ing the system, 2D ion imaging oupled with resonane-

enhaned multiphoton ionization (REMPI) proves to

be a powerful tehnique for the measurement of di�er-

ential ross setions in photodissoiation [4℄, inelasti

[5,6℄ and reative sattering [7,8℄ proesses. REMPI pro-

vides state-seletive ionization of produts, and imaging

of subsequent ions leads to the measurement of state-

resolved di�erential ross-setions. Non-resonant mul-

tiphoton ionization with a femtoseond laser pulse is

also useful in moleular dynamis experiment sine it

is versatile in monitoring the population of a variety of

speies. First of all, an advantage of PES is, that both

the singlet and triplet states an be deteted, thereby

enabling diret observation of intersystem rossing and

internal onversion proesses. Furthermore, the method

exhibits high sensitivity sine photoionization is an in-

dued proess and eletrons an be olleted eÆiently

by an eletromagneti �eld. Finally, analogously to Ra-

man spetrosopy, the ionization laser an be frequeny-

�xed while the photoeletron energy is dispersed, whih

is favourable for applying an ultrafast laser with limited

tunability. Photoeletron imaging (PEI), on the other

hand, allows routine measurements of speed and angular

distributions of photoeletrons with unit olletion eÆ-

ieny of eletrons [8℄. Although the energy resolution

of PEI may be lower than the onventional method, the

unertainty priniple limits the energy resolution obtain-

able in ultrafast spetosopy, so PEI is quite suited for

femtoseond pump-probe experiments. Another feature

of PEI to be noted here is that it is appliable to quasi-

ontinuous light soures suh as disharge lamps, high

repetition-rate lasers, and synhronous radiation.

In this paper, the �rst femtoseond time-resolved pho-

toeletron imaging (PEI) on two-olor photoionization

of NO via the A(3s�) state and ultrafast dephasing in

pyrazine are reported. The ombination of time-resolved

photoeletron and time-resolved photoion imaging allows

us to observe photo-indued dynamis of moleules and

lusters and these are real-time studies. The method pro-

posed onsists of an eÆient exitation of moleular sys-

tem and subsequent deay. Time-resolved PEI probes

short range and short time dynamis involving eletroni

relaxation.

II. EXPERIMENT

The moleular beam apparatus onsists of a beam

soure and a main hamber both of whih are pumped by

magnetially-suspended turbo moleular pumps. A sam-

ple gas expanded from a piezoeletri valve in the soure

is skimmed and introdued into the main hamber as a

moleular beam 2 mm in diameter. The pulse is rossed

with pump and probe laser beams in the staked ael-

eration eletrodes in the main hamber, where the pump

pulse exites moleules and a probe pulse further ionizes

them. The eletrons thus produed are aelerated paral-

lel to the moleular beam and projeted onto a position-

sensitive imaging detetor [9℄. The aeleration �eld pro-

vides two-dimensional spae fousing, so that only the

veloities (or linear momentum) of the eletrons perpen-
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diular to the detetor fae were observed in the image

[9℄. The imagingdetetor onsists of a mirohannel plate

(MCP), a phosphor sreen, and a Peltier-ooled harge-

oupled devie (CCD) amera (1536�1024 pixels). The

image on the phosphor sreen is aptured by the amera

and integrated for 1800{18000 shots. In order to observe

the total photoeletron intensity, the emission from the

phosphor sreen was monitored with a photomultiplier

tube (PMT).

The solid-state laser system onsists of an osilla-

tor, ampli�er, and nonlinear wavelength tuning devies.

The osillator is a 5W-diode pumped Ti:sapphire laser

(80 fs, 82 MHz). The output from this osillator is intro-

dued into a Ti:sapphire regenerative ampli�er pumped

by 10 Hz Nd : Y AG laser (250 mJ, 532 nm). The output

from the ampli�er (120{150 fs, 10 mJ/pulse, 786 nm)

is split into two beams. One beam is introdued into

a travelling-wave optial parametri ampli�ation sys-

tem (Topas, Light onversion). Harmonis of the signal

or idler waves provided wavelengths down to 300 nm.

Shorter wavelength UV light (210{250 nm) was gener-

ated by mixing the output from the optial parametri

ampli�er with the other half of the fundamental beam in

a �-BaB

2

O

4

(BBO) rystal. The tunable UV light and

the remaining fundamental light (<5 mJ/pulse) emitted

oaxially from the rystal were separated by a dihroi

mirror to introdue the fundamental light into BBO rys-

tals to produe its harmonis (the seond and third har-

monis entered at 393 and 262 nm in the present ex-

periment). The tunable UV light was optially delayed

and realigned with the harmonis of the fundamental,

and these two beams are irradiated onto the moleular

beam. The observed images of eletrons were inverted to

generate the speed-angular distributions by inverse Abel

transform.

III. RESULTS AND DISCUSSION

A. [1+ 1

0

℄ REMPI of NO

Femtoseond time-resolved PEI was tested by observ-

ing [1+1

0

℄ REMPI of NO via the A(

2

P

+

) state. A mole-

ular beam of NO 5% seeded in the He or Ar was rossed

with the pump (225 nm) and probe (262 nm) light, and

the resulting eletrons and NO

+

ions were measured by

1D and 2D imaging.

Fig. 1,a shows the time pro�le of the photoeletron

signal. Sine the A state of NO has a lifetime of 200 ns

[10℄ the signal exhibits a at plateau after a sharp rise

determined by the ross-orrelation (450 fs) of pump and

probe pulses. The photoeletron image observed at a

pump-probe time delay of 1 ps is shown in Fig. 1,b. It

is seen that the photoeletron angular distribution qual-

itatively follows a os

2

� distribution with respet to the

polarization of the probe laser. We an haraterize the

angular distribution by

I(�) � 1 + �P

2

(os �)

with the anisotropy parameter � = 2. P

2

(x) is the

seond-order Legendre polynomial. However, quantita-

tive analysis of our data yielded � = 1:66 � 0:01.

This deviation from the atomi model is due to a non-

entrosymmetri eletron-NO

+

potential in whih the

outgoing eletron is partially sattered. Previous theo-

retial and experimental studies on the [1+1

0

℄ photoion-

ization of NO via the A state [11,12℄ have shown that

the angular distribution of photoeletron in the parallel

pump-probe polarization on�guration is expressed by

I(�) � 1 + �

20

P

2

(os �) + �

40

P

4

(os �)

with the dominant ontribution of �

20

= 1:6 [11,12℄. Our

result is onsistent with these former works.

Fig. 1. (a)| time dependene of total photoeletron signal

in femtoseond [1+1

0

℄ REMPI of NO via A(

2

P

+

)v

0

= 0 level,

(b) | photoeletron image observed at the pump-probe de-

lay of 1 ps, () | Inverse Abel transform of the image shown

in (b).
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From the width of photoeletron kineti energy dis-

tribution extrated from the inverse Abel transform

(Fig. 1,), the energy resolution in our femtoseond PEI

was estimated to be 100 meV at E = 900 meV.

B. Intramoleular dephasing in pyrazine

The broad-band oherent exitation of an intermedi-

ate ase moleule provides biexponential uoresene de-

ay where the �rst omponent is the dephasing of an

optially-prepared singlet state into the population deay

of this mixed state [13,14℄. We have examined this prob-

lem by time-resolved photoeletron imaging. Pyrazine in

a moleular beam 0.3{3% seeded in He (a stagnation

pressure 1 atm to the vauum) was exited to the S

1

vi-

broni levels by a single photon transition at 320{350 nm

and subsequently ionized by two-photon absorption at

393 nm. The shemati drawing of dephasing proess in

pyrazine is shown in Fig. 2.

Fig. 2. Shemati drawing of dephasing proess in pyrazine.

The power density of our pump laser at the interation

region was less than 10

10

W/m

2

, while that of the probe

laser was about 5 � 10

10

W/m

2

. For these power den-

sities, ponderomotive shift of the photoeletron kineti

energies and the alignment of ground-state moleule in

the laser �eld an be negleted. Furthermore, the results

obtained were invariant to di�erent partial pressure of

pyrazine over the range 0.3{3% indiating that the ef-

fet of luster formation is negligible. The bandwith of

our femtoseond laser does not allow rotational ontour,

although only a few rotational levels are expeted to be

populated in a moleular beam.

Fig. 3 shows the observed photoeletron intensity as a

funtion of time delay. As seen in Fig. 3,a, the total ele-

tron urrent (i. e., integral photoionization ross setion)

shows no time-dependene, whih apparently ontradits

the fast uoresene deay data reported previously [14℄.

Note, however, that photoionization an our both from

the singlet and triplet manifolds. Therefore, Fig. 3,a sim-

ply implies that population deay from the mixed singlet-

triplet state does not our in this time range. Clearly,

the partial photoionization ross setion measurement is

neessary for examining the dephasing. Thus, the low

energy eletrons annot be attributed to the ionization

from the singlet to the seond ationi state (�

�1

), but

rather must be due to the ionization from the triplet

states to the lowest ationi state (n

�1

). Ionization from

the triplet results in low photoeletron energy, beause

the triplet states isoenergeti to the singlet have large vi-

brational energies, and Frank{Condon overlap favours

ionization to the highly vibrationally-exited states in

ation. Photoeletrons with near zero kineti energy are

onentrated in the entre of the image with a weight-

ing fator that sales with kineti energy of eletrons

or the image radius squared. The time-evolution of the

singlet and triplet haraters were easily measured by

masking the phosphor sreen and seletively observing

the outer and inner part of image with a photomultiplier

tube (PMT). When the partiular energy region of ele-

trons is monitored in this way, the high energy eletron

showed a deay with � = 104 � 3 ps (Fig. 3,b), while

the low energy eletron exhibited the orresponding in-

rease with � = 97� 8 ps (Fig. 3,). As far as we know,

this is the �rst observation of the growth of triplet har-

ater due to dephasing from the optially prepared S

1

pyrazine.

Fig. 3. (a) | time dependene of total photoeletron

signal in femtoseond [1 + 2

0

℄ REMPI of pyrazine via the

S

1

[

1

B

3n

(n; �

�

)℄0

0

level, (b) | Photoeletron signal for the

kineti energy E > 630 meV, () | Photoeletron signal for

the kineti energy E < 630 meV.
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More detailed dynamis an be learned from the snap-

shots of eletron sattering distributions taken at di�er-

ent time delays shown in Fig. 4. The deay of singlet

harater and buildup of triplet harater an be easily

seen in these snapshots. Careful inspetion also reveals

that the radius of triplet signal shrinks at later time,

suggesting relaxation in the triplet manifold.

Fig. 4. Inverse Abel transforms (600� 600 pixels) of pho-

toeletron images of [1 + 2

0

℄ REMPI of pyrazine via the

S

1

[

1

B

3n

(n; �

�

)℄0

0

level at the time delays of (a) | 2 ps, (b)

| 20 ps, () | 100 ps, (d) | 200 ps.

To examine this more quantitatively, photoeletron ki-

neti energy distributions extrated from the data are

presented in Fig. 5. The feature at 200 meV appears

instantaneously with the light pulse and deay rapidly.

The peak at 200 meV is tentatively assigned to ioniza-

tion from T

2

(�; �

�

). The peak observed at 100 meV is as-

signed to the ionization from T

1

(�; �

�

). As seen in Fig. 5,

two-photon ionization at 393 nm well overs the Frank{

Condon region in ionization from T

1

, so that the total

ionization signal does not show time-dependene in our

experiment.

The angular anisotropy of photoeletron distribution

is haraterized by �

2

= 0:8 and 1:0 for the singlet and

triplet hannels, respetively. The time-dependene of

these anisotropy parameters is found to be negligible.

We are unfortunately unable to interpret the anisotropy

parameter data fully beause of two-photon nature of

ionization step. It is possible that two-photon ionization

involves Rydberg states as the virtual states, and if so,

this would determine the angular anisotropy of photo-

eletron distribution. It is neessary to use [1 + 1

0

℄ ion-

ization sheme and to ompare the result with the [1+2

0

℄

sheme to examine this possibility.

In our experiment, a stati eletri �eld < 700 V/m

was used to extrat the photoeletrons and projet them

onto the detetor. This �eld might indue a Stark e�et

on the moleule. However, previous work has shown that

notieable hange of the level struture is only indued by

an order of magnitude larger �eld strength > 10 kV/m

[15,16℄. Thus the e�et of the extration �eld in the short

time dynamis of pyrazine an be exluded. It is impor-

tant, that the dephasing time we obtain is in good agree-

ment even with the previous �eld-free data [14℄.

Fig. 5. Photoeletron kineti energy distribution in fem-

toseond REMPI of pyrazine via the S

1

[

1

B

3n

(n; �

�

)℄0

0

level

at the time delays of (a) | 2 ps, (b) | 20 ps, () | 100 ps,

(d) | 200 ps.

Fig. 6. Time dependene of photoeletron signal in fem-

toseond [1 + 1

0

℄ REMPI via S

2

state of (a) | pyrazine-h4

and (b) | pyrazine-d4.
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Fig. 7. Inverse Abel transform of the photoeletron im-

ages (600 � 600 pixels) observed for [1 + 1

0

℄ REMPI via

S

2

[

1

B

2n

(�; �

�

)℄ state at the time delay of 0.6 ps.

We should note, that the seond exited state of

pyrazine S

2

[

1

B

2n

(�; �

�

)℄ is loated 7000 m

�1

above

S

1

[

1

B

3n

(n; �

�

)℄ state. The S

2

(�; �

�

)  S

0

absorption

band is broad due to ultrafast S

2

! S

1

eletroni de-

phasing. We exited pyrazine in a moleular beam, by

262 nm light to the viinity of the zero vibrational level in

S

2

(�; �

�

) and subsequently ionized the exited moleules

by 220 nm light.

As shown in Fig. 6, the total photoeletron signal de-

ayed with the lifetime of 23�2 ps. Similar measurement

on pyrazine-d4 showed the lifetime of 36� 3 ps. The in-

tersystem rossing yield from S

1

pyrazine is known to

sharply fall o� near 280 nm [17℄, so the observed deay

is asribed to S

1

! S

0

internal onversion. The longer

lifetime observed for pyrazine-d4 is asribed to the redu-

tion of Frank{Condon overlap for the aepting modes

between S

1

and S

0

.

As shown in Fig. 7, the anisotropy of photoeletron

distribution is rather small, � = 0:15 � 0:1, whih is

ontrasted with strong anisotropy observed for [1 + 2

0

℄

REMPI via S

1

state. This may suggest the role of vir-

tual state for the [1 + 2

0

℄ proess.

IV. CONCLUSIONS

The �rst femtoseond time-resolved photoeletron

imaging (PEI) is presented. The method is harater-

ized by photoionization of NO and further applied to

ultrafast dephasing in pyrazine. Intermediate ase be-

haviour in radiationless transition is learly observed in

time-resolved photoeletron kineti energy distribution.

Femtoseond PEI is with muh improved eÆieny than

onventional photoeletron spetrosopies. It is antii-

pated that the uni�eld approah of time-resolved photo-

eletron and photoion imaging opens the possibility of

observing photon-indued dynamis in real time.
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Zaproponovana qasovo rozd�lena spektrometr�� ma visoku qasovu rozd�l~nu zdatn�st~ u me�ah femto-

sekundnogo masxtabu. V�dnedavna dosl�d�enn� molekul�rnoÝ dinam�ki v real~nomu masxtab� qasu vikli-

ka velike za�kavlenn�. Fotoelektronna spektrometr�� ma visoku qutliv�st~, osk�l~ki foto�on�za�� 

�ndukovanim proesom, � elektroni mo�ut~ efektivno zbiratis~ elektromagnetnim polem. Taki� metod

zastosovut~s� do nadxvidkogo defazu�qogo proesu v molekul�rnomu pirazin�. Fotoelektronne v�do-

bra�enn� dozvol� vim�r�ti xvidk�st~ � kutov� rozpod�li z odiniqnim naborom efektivnosti elektron�v.

Zaznaqimo, wo fotoelektronne v�dobra�enn� zondu korotkos��nu � korotkoqasovu dinam�ku, vkl�qa-

�qi elektronnu relaksa��. Metod harakterizut~s� foto�on�za�� defazuvann� v pirazin�. Komb�na��

qasovo rozd�lenogo fotoelektronnogo � foto�onnogo v�dobra�enn� dozvolit~ nam sposter�gati foto�ndu-

kovanu dinam�ku molekul � klaster�v na prom��ku qasu v�d t = 0 do1 na odnomu aparat�. Eksperimental~n�

rezul~tati z�stavleno z teoretiqnim anal�zom sil~nih z�tknen~ u bagatoelektronnih sistemah.
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