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Ilpamoe uccnedosanue u nonuManue OUHAMUKY XUMUYECKUX U OUOT02UYECKUX NPOUECCO8,
RPOUCX00AUUX 8 KOHOCHCUPOBAHHBIX CPEOax, 8 HACMOAUIee 8PEMA HAXOOUMCA HA PAHH el cChadull.
Ilpozpecc 6 amoit obaacmu 6v171 6b136AH PAIPADOMKOU MENM 0008 UCCIE008ANHUA CIPYKIMYPHOU OU-
HAMUKU MAMEPUU 6 COCIOAHUU, 0A1EKOM O PABHOBECUS, GKNI0OUAA IKCHIPEMATbHbIE COCIMOAHUAL.
Ilpeocmaenennasa ungopmayusa ciayydcum 0CHOGOU O MECHMUPOBAHUA HOGBIX MeOPemuUiecKux
n00X0006 K ONUCAHUIO eUleCMEa 6 NPUUUHHO-C6A3AHHON mpuade <CmpyKmypa-OuHaMuKa-ceoi-
cmeo». Habnwoenue ounamuueckozo nogedeHus mamepuu 6 NPOCMpancmeeHHo-6peMeHHOM KOH-
mMuHyyMe HA C8EPXKOPOMKUX 8DEMEHHBIX MACUIMADAX A8IAEMCA HE0OX00UMBIM NEPBLIM ULA2OM 8
00bACHERUU U, 6 KOHEUHOM cueme, KOHIMPOJle HEPAGHOBECHBIX NPOUECCO8 U IYHKUUOHATBHOCIU
uccieodyemulx cucmem. Memoo ceepxovicmpoil 31eKMPOHHOI Kpucmaiiozpaguu no3eoisaem uc-
cnedosams nepexoonvie HePagHOBeCHble CIPYKMYPbL, KOMOpble 0aiom peuiaouyio unpopmayuio
0 CIPYKmMYPHOU Ounamuke (hazoewvix nepexo0os u Ko2epeHmHoil OUHAMUKU A0ep 8 MEEPOOM CO-
CMOAHUU, HA NOBEPXHOCHMU U 8 MAKPOMOIEKYIAPHbIX cucmemax. B nocneonue 2001 onumens-
HOCMb 2J1IEKMPOHHOZ0 UHNYIbCA 6 ARNAPAMYPE C6EPXObICMPOIl INEKMPOHHON Oudpakyuu 3Ha4U-
MeNbHO YMEHbUIUACY, A YCKOpAIOuiee HANnPAXCeHUe 3HAYUMelbHO Y8eaudunocs. B pesynomame,
OvLIu nosiyyensl hemmoceKkynonvle umMnyiawvcol 3nekmponos. Ilpeonoscen memoo paduouacmom-
HOII 2PDYRRUPOBKU INEKMPOHOE 071 YEeIUUEHUA APKOCMU IIEKMPOHHO20 umnynsca. /[na yeenuue-
HUA RPOCMPAHCMEEHHOII KO2EPEHMHOCHU UCHOb308AICA MEM 00 IJ1IeKMPOHHOI NO1€601l IMUCCUU,
a 0713 yMEeHbUEeHUA PACCO2NACOBAHUA CKOPOCHIEN C6EM 08020 U INEKMPOHHO20 UMNYIbCOE U CHCA-
mus INeKMPOHHBIX CZYCIMKO8 NPUMEHATIOCH HOHOEPOMOMOPHOE 80IHO60€E (hponmaibHoe yCKope-
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Hue. Imu 00Cmuicenus OMKPHLIU HOBbLE B03MONCHOCIU 0J151 U3YUEHUS KO2EPEHMHOI CMPYKMYp-
HOUl OUHAMUKU - AMOMHO-MOJIEKYIAPHO20 KUHO C (heMmOCeKYHOHBIM 6DEMEHHbIM pa3peuienuem. B
0030pe YUMuUPYIOMcs pe3yabmamol HECKOIbKUX 6CEMUPHO U3BECIHBIX UCCIE006AMENbCKUX ZDYNNL.
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The direct probing and understanding of the dynarsiof chemical and biological processes
occurring in condensed matter, is currently in iesarly stages. Progress in this field has been pukhe
by the development of methods for the study of streictural dynamics of matter in a state far from
equilibrium, including extreme states. The forthcong information serves as the basis for testing new
theoretical approaches to the description of thebstance in casually connected triad "structure-dy-
namics-function”. Observation of the dynamic behaviof matter in the space-time continuum on
ultrashort time scales is a necessary first steghie explanation and, ultimately, control of far ém
equilibrium processes, and functionality of the $gms studied. The method of ultrafast electron erys
tallography (UEC) makes it possible to investigatansient nonequilibrium structures, which yield
decisive information about the structural dynamio$ the phase transitions and coherent dynamics of
the nuclei in the solid state, on the surface, aimdmacromolecular systems. In recent years, thecele
tron bunch path length in the UEC apparatus dimiried significantly, while the accelerating voltage
increased considerably. Therefore, femtosecond tetet pulses were obtained. A technique of radio
frequency grouping of electrons was proposed torease the electron pulse brightness. The method
of electron field emission was used to increase $patial coherence, and ponderomotive wave front
acceleration was applied to reduce the mismatchwsstn the velocities of the light and electron pudse
and to contract the electron bunches. These achiegats have opened up new possibilities for study-
ing the coherent structural dynamics — atomic andacular movie with femtosecond temporal reso-
lution. The results of several internationally remmed research groups are included and cited.

Key words: ultrafast electron crystallography, transient naldgium structures, surfaces and crys-
tals, coherent structural dynamics, atomically kestbreaction dynamics, femtosecond spectroscopy
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INTRODUCTION

The direct probing and understanding of then the observation of energy levels and their popul
dynamics of biological, chemical processes, and prtions, and a diffraction view, which directly image
cesses occurring in solids (e.g., transport in lmetamolecular structure (see more detailed discussfon o
their alloys, rectification effects in semicondusto this issue in the works [1-9]. Already in the 1980he
magnetoresistance etc), which are amenable to studyliffraction paradigm was formulated: implementing
real time, is currently in its early stages. Pregren electron diffraction with time resolution adds ante
this field has been pushed by the development dfiimeporal coordinate to the determination of molecular
ods for the study of the structural dynamics ofterat structures [10-13]. Time-resolved electron diffrawct
in a state far from equilibrium, including extremgTRED) rested on the concept of flash photolysig-or
states. The forthcoming information serves as #&sisb inally proposed by Norrish and Porter in 1949 [14].
for testing new theoretical approaches to the descrVery recent advances in the generation of x-raggsil
tion of the substance in casually connected trsadit- have made possible the closely related time-redolve
ture-dynamics-function”. Observation of the dynamig-ray diffraction (TRXD). In both methods, shorséa
behavior of matter in the space-time continuum len wpulses create the transient structures and inchexa-c
trashort time scales is a necessary first stdpeiexpla- ical dynamics that are subsequently imaged byadiffr
nation and, ultimately, control of far from equiiilom tion at specific “points” in time.
processes, and functionality of the systems studied The use of pico- or femtosecond bunches of

The natural time scale of dynamic processedectrons as probes, synchronized with the pulstb&o
depends on the energy and length scales of the pbgeiting ultrashort laser radiation, led to the elep-
nomenon of interest. For example, from attosecond nent of ultrafast electron crystallography and rano
femtoseconds advancing time-resolved and contralystallographic techniques [15], of dynamic traissm
techniques from the molecular to the electronietim sion electron microscopy [1-3, 16, 17], to femtaset
scale; from femtoseconds to picoseconds for atomigectron diffraction of structural transitions [1a8jd of
molecular dynamics relevant to chemistry; from picamolecular quantum state tomography [19, 20]. One of
seconds to nanoseconds for ferroelectric, magdgtic the promising applications, developed by the ebectr
fusion, and polarization processes; from nanosecodifraction methods, is their use for the chardeter
and longer for nucleation, cellular functions, andion and the “visualization” of processes, occugrin
growth of crystals. The corresponding natural lengthe photo-excitation of free molecules and biolagic
scale for these dynamic processes are in the raihgeobjects for the analysis of different surfaces) filims,
atomic and molecular scale 0.1-10 nm for chemistgnd nanostructures (see the recent review arfig]&s
and biology, up to the micron scale of interactibes 21-37]). The combination of state-of-the-art optica
tween biological cells in grains and metal alloys. techniques and diffraction methods, using different

A full description of the temporal sequencehysical principles but complementing each other,
and interaction of dynamic characteristics requibes opens up new possibilities for structural reseatal-
integration of information from different instruntah trashort time sequences. It provides the requings} i
methods based on different physical principlest firgration of the triad “Structure-Dynamics-Functian”
and foremost, diffraction and spectroscopic methodsemistry, biology, and materials science [1, &,3,
with a time resolution and spatial resolution allogv 9, 38-40].
the study to limit of the coherent dynamics of matt Since the 1980s, scientific laboratories around

The quest to observe transient molecular struthhie world have begun to develop a new field ofrtie
tures and the chemical dynamics of molecules durisgarch aimed at this goal. “Atom-resolved-molecular
reactions is greatly aided by employing two vantag®ovies” will allow visualization of coherent dynacai
points: the traditional spectroscopic view, whiehes of the nuclei in the molecules and fast processes i
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chemical reactions in real time
Modern  femtosecond lase
sources have made it possible
significantly change the tradi
tional approaches using contint
ous electron beams, to create
trabright pulsed photoelectrol
sources, to catch ultrafast prc
cesses in the matter initiated &
ultrashort laser pulses and t
achieve high spatio-temporal re:
olution to imaging molecular
processes. Ultrafast laser specti
and electron diffraction method:
complement each other and ope
up new possibilities in chemistr
and physics to light up atomic
and molecular motions involvec
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Fig. 1. Schematic diagram of the ultrafast electmystallography

experimental setup. The insert on the left showsrttages of the
electron beam obtained by the camera with therdisewaep [1,41]

eth’emely pOWGrfU| tool for the inVGStigation ofeth Puc. 1. Cxema 3KCIepUMEHTANEHOH YCTAHOBKH IS CBEPX-OBICT-
transient non-equilibrium structures. These studigsii snexrponnoii kpucramiorpadun. Ha Beraske ciesa u300pa-

provide rather important information on the phaaa-t
sitions and coherent dynamics of the nuclei irstblel
state. In the past few years UEC was widely ussal al
for study of structural dynamics in different naimos-
tures. This variation of the technique is usuadferred
to as UENnC (Ultrafast Electron nano-Crystallograph

[5, 6, 15, 21, 22, 27].

The article discusses the application of tim
resolved electron diffraction to investigate corskzh
matter and includes the discussion of the expetiahen
techniques, the theory of both UEC (Part I) and@en
Part 1), and some of the prominent results orsthdy
of the structural dynamics of the surface, différe
phase transitions in the nanoparticles, and tharmyn
ics of the molecular assemblies. By providing hsph-

JKCHBI DJIEKTPOHHBIC CTYCTKH,

surface (chemisorption

solved distance is about
tion is ~120 fs with the

ptate University (USA)

MOTy4YeHHBIE TIPH paboTe ycTa-

HOBKH B PEKMME KaMepsbl C JINHEHHO# pa3BepTkoii [1,41]

or adsorption). The devie i

equipped with a goniometer with an angular resofuti
f 0.005° and a cooling system capable of readieimg
eratures of down to ~110 K. The accuracy of tkerin
er_luclear distances is ~ 0.01 A, while the maximal re

50 A. Here the laser pliisa-
penetration depth of taser

radiation being of 4 nm at 266 nm and 7 um at 880 n
In the laboratory of prof. Ruan at the Michigan

it has been used the latest

achievements in the field of the generation, therob
and the detection of ultrashort electron pulsettoC-

tial resolution (down to a few hundredths or thod:€S€arches with sub-picosecond time resolution. [15]
sandths of angstrom) and high temporal resoluiion (TN€ @Pparatus is shown in Fig. 2. It consistsfefato-
pico-femtosecond range) it is possible to obselnee tsecond laser and electron gun with silver photazigh

structural dynamics and the energy flow in condenséthickness of silver layer is 40 nm). Here 800-rmiser
radiation is utilized for the photo-excitation betsam-

ple, while 266-nm-pulses are used to generateretect

matter in real time.

1. EXPERIMENTAL SETUPS

is shown in Fig. 1 [1, 41].

bunches from the cathode. Since the laser pulsg (26
Schematic diagram of UEC experimental setu@m) that initiates the photoemission of the elewris
obtained by splitting of the radiation from the salar-
The experimental setup consists of three ultrger setup, the temporal jitter between the exciind
high vacuum chambers with an electron source, LEEDe probe pulses is determined by the temporahiate
(Low-Energy Electron Diffraction) and Auger specof the photoemission process and, in principle, das
trometers and a batch box of gas that allows térotsn  femtosecond level or below [43]. The arrival of the
the preparation of a clean surface (see, e.g.),[#8] probing electron bunch with respect to the pumseul
state during the adsorption of the atoms and the-mois controlled by the optical delay line that allowls-
cules and to determine the nature of its bindintheo serve the dynamics of the photo-induced reactite. T

Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. ZOY. 60. N 5

7



Izv. Vys

laser system (Ti: Sapphire laser with regenerative
plification from Spectra Physics) produced 45 fela

sh. Uchebn. Zaved. Khim. Khim. Tekhnol. Z0Y. 60. N5

electrons in the bunch) and to observe, in priegiple
diffraction pattern in UEC using a single electron

pulses at 800 nm with an energies of up to 2.5mdJ apulse. Note, that in UEC it is sufficient to havmoat
a repetition rate of 1 kHz. Using the frequency-dou0® e/pulse at the pulse repetition rate of 1 kHz.

bling or tripling, it is possible to get the 400-nor

266-nm pulses with the energies of up to 250 mJ and

40 mJ, respectively, which can also be utilizedaas
pump pulse.
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Fig. 2. UEC experimental setup. (a) The experimenrtange-
ment of the type of "laser pump - electron prolfe).The main
parts of the high-vacuum chamber with the opfiehs of

femtosecond laser radiation (see text) [15]

Puc. 2. DkcniepuMeHTanbHasi yCTaHOBKA JUTsl CBEPXOBICTPOIA J1eK-
TPOHHOU KpucTraiorpaduu. (a) pacronoxeHne yacTei ais 9Kc-
[EPUMEHTA WIa3epHasi HaKauyka — dJIEKTPOHHAs JuarHocTuka». (b)
KoMITOHOBKa OCHOBHBIX YacTeH B BLICOKOBaKyyMHOﬁ KaMepe €
OINTHYECKON YaCTHIO JJI1 BBOJIa U3JTYYCHUSA @eMTOCCKyHIIHOI‘O J1a-
3epa (cM. Teket) [15]

The photocathode generates the electron

pulses with kinetic energy of 30 keV (anode extomct
field is about 6.5 kV/mm), which pass through the a
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Fig. 3. Measurement of the size of the electrombeaar the
sample: the method of "knife edge" is shown initisert [15]
Puc. 3. U3mepenue pa3Mepa 37EKTPOHHOTO ITydKa BOJIU3H 00-
pasia: MeToJ «OCTpHst Hoxka» n300paxeH Ha BeTaBke [15]
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Fig. 4. Coherent oscillations of the intensity eflection (dR/dt)
which corresponds to inter-planar vibrations ofggyaphite lay-
ers (Eg). The dashed line shows the full pump and probeadi
measured using the modulation technique with teaiielay.
The solid line corresponds to a magnification 600, times. The
inset shows the profile of the main (non-modulataahp and
probe signals; he®R/R is the relative change in the reflection [45]

Puc. 4. KOFepeHTHbIe OCHWJIIAIIUY MTHTCHCUBHOCTH OTPAKCHUS
(dR/dt),cooTBeTcTBYIOIIHE MEKILIIOCKOCTHBIM KOJICOAHHUSIM CIIBUT'a
cioeB (Ezg) muponurnyeckoro rpaduta. [lyHKTHPHO#M IHHHEH TT0-
Ka3aH IOJIHbIN CUTHAJI «HaKauKa-IUarHOCTUKA», U3MEPEHHBIH C M0-
MOIIBIO TEXHUKU MOIYJISILIMY € 3a7epKKOi o Bpemenu. Cruton-

Hasl JIMHUS COOTBETCTBYET ThICAYEKPATHOMY yBenuueHu1o. Ha
BCTaBKe MOKa3aH MPOQUIb OCHOBHBIX (HEMOYTMPOBAHHBIX) CUT-
HaAJIOB <«HaKayKa-JUarHOoCTHUKa», 3/1eCh AR/R —OTHOCHUTCJIBHOC U3~

MECHCHHE HHTCHCHBHOCTH OTpaXkeHus [45]

The efforts of Ruan’s group [15] were trained

ertures and magnetic lenses and focused to theediar@n the focusing of the electron pulsed beam t@eli

ter of 5 microns (Fig. 3) on the sample located difs-

eter of about 1 pm while maintaining femtosecond

tance of 5 cm from the photoelectron source. temporal resolution in order to reduce the mismafch
The first short-focused femtosecond photodhe velocities of the light and the electrons [4jch

lectron gun was designed in Miller's group [18]alt Way ultimately allowed study individual (isolateh-

lowed to achieve high electron density (of up td 1dhoparticles with high spatio-temporal resolution.
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To demonstrate the possibilities of the existingable of detection of single electrons. For precise
apparatus, the photo-excitation of highly-ordengabp trol of the sample temperature and its positione-fi
lytic graphite (HOPG) has been studied. In HOP®, ttaxle goniometer has been utilized. Here the tempera
phonon mode & corresponds to the inter-planar oscilture was changed in the range from 20 K to 300he T
lations of the shear of graphite layers (Fig. 4)is| substrate of HOPG was located directly above the ca
known that these oscillations interact stronglyhviite ibration sample for the adjustments of the pumgbgro
femtosecond laser field [45, 46]. pulsesn situ, both in space and in time. For the clean-

After the photo-excitation, it is possible to ob-4ing and the preparation of the surface a spray tgle,
serve the generation of surface charges a subpgicogeghocal IR lamp and the batch gas box has beenadili
ond time scale (Fig. 5). The oscillations are aisged For the characterization of the sample a quadrupole
with the charge accumulation on the outside surfdce mass spectrometer and LEED / Auger — system have
pyrographite and are caused by photo-induced electbeen employed. Some of the experimental results are
tunneling through a potential barrier from the dtdie  presented in Sect. 2 and 3.

surface which is followed by the formation of twe-d =~ — I_

mensional (2D) electron gas. In this case, the-posi
tively-charged ions remain behind the photo-exicitat
area. The dynamics of the surface charges is glosel

linked to the characteristics of the charge trarisfthe
direction perpendicular to the basal plane of gtaph
and is modulated by the surface phonons. Thisalftic

In front of the cell
with a mw field

Behind the cell
with a mw field

a

Sample (target)
plane

induced charge redistribution and the correspondir-
atomic rearrangements are discussed in Sect. 3.
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] RS e Fig. 6. (a) The principle of electron pulse injectiand pulse com-

pression in a microwave resonator. (b) Electrombdgnamics
before and after passage through the microwaveadsiocavity.
Modeling for 104 electrons with an energy of 30 Hég]
Puc. 6. (@) [IpyHUMI HHXKEKIMH U CKATHS SJIEKTPOHHBIX
UMILyJIbCOB B MUKPOBOJIHOBOM pe3oHarope. (D) Innamuka smex-
TPOHHOI'O Cr'YCTKa A0 U IOCJIC MPOXOKACHUA 4Y€PE3 NOJIOCTh MUK~
POBOJIHOBOTO pe3oHaTopa. MozenupoBanue BomosHeHo it 104
a5ekTpoHOB ¢ 3Heprueit 30 k3B [48]

0.014 —— E2g phonon

0.00
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Time (ps)
Fig. 5. Discovery of femtosecond jumps of the stefaharges of
Highly-Ordered Pyrolytic Graphite (HOPG) after thteoto-exci-
tation. Solid line is the result of a sinusoidapagximation of kg
phonon mode oscillation with a period of 0.78 pkick demon-
strates sub-picosecond resolution of UEC experirheatap [15]
Puc. 5. O6bnapyxeHue GpeMTOCeKyHIHBIX CKauKOB TOBEPXHOCTHBIX
3apsAI0B B BHICOKOYNOPSAZOUYCHHOM MHPOJIMTUYECKOM Tpadure
(HOPG)nocne (potoBo30Y ACHHUS 1 HX MOCIEIYIOIIHE OCIIHIIIS-
WU, CruionIHast THHUS NpeACTaBIIACT coboit PE3yJIbTaT CUHYCOU-
JIATBHO# anmpoKcumMarmu GOHOHHOM MoibI E2g) ¢ ieprioom 0.78rc,
YTO SBJIETCS AEMOHCTpaLUel Cy0-MMKOCEKYHIHOTO Pa3peIieHus,
ofecreurBaeMoro SKCIepUMEHTaIbHON yCTaHOBKOH [15]

40 1

A significant improvement in time resolution
of UEC which is required for the study of ultrafasb-
cesses after the photo-excitation can be achieyed-b
ing the radio-frequency (rf) compression of thecele
tron pulses (Fig. 6). The Institute of Nuclear Rbys
(Novosibirsk, Russia) together with the Max Planck
Institute (Garching, Germany) has designed the-ultr

The high-vacuum chamber is equipped with fast electron diffraction setup [47]. The tempaeso-
device for sample transfer, installation, and thecgl |ution of this setup can be ~10 fs. To producetedec
devices for its characterization and purificati@$ bunches with this duration, a scheme containing a d
shown in Fig. 2b. To maintain a high vacuum, the-spode electron gun with a photocathode and rf resonat
cial additional chamber has been built in the setyg proposed. Electrons, emitted from the photoaigho
which made it possible to transfer the samplelingh by a laser pulse, are at first accelerated by dage
vacuum directly from the storage area. of 20-40 kV. The given estimates have shown tha, d

The acquisition of the diffraction patterns waso the initial scatter of electron velocities o ttath-
performed using a highly sensitive CCD — camera cgde, the pulse duration at the output from theeliguh
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(700-800 fs) is about of one order of the magnitudiown to — (115-120) dB/Hz, when the offset from the
higher than that of the laser pulse (60 fs). Tleetebn carrier was 10 kHz. This setup for the preparatbn
pulse formed in this way arrives into the resonatofemtosecond electron bunches was supplied to the Ma
where the electron velocities are modulated. Plank Institute (Garching, Germany). Using such

The amplitude of rf oscillations in the resonatoscheme the first experiments were performed and the
was selected such that the electron pulse was gdaatp first results were obtained [47].

the distance of 100 to 200 mm from the cavity. The 5 STRUCTURAL DYNAMICS IN CONDENSED

working frequency of this rf cavity was selected as PHASE
6.2 GHz. In addition to the target and photocathede
part of the laser beam is fed to the photo-detéwtor- The method of ultrafast electron crystallog-

der to synchronize the microwave oscillations aress-  "aphy makes it possible to obtain the informatibowut
onator with laser pulses. The oscillation phashkilita the dynamics of coherent structures in the photo-in
should be about 4-t0rad to achieve a 10 fs time resoduced phase transitions in nanoparticles and macro-
lution. According to the calculations, the maxiraat- Molecules, on the solid surfaces, in thin films &mel
plitude of the voltage across the resonator gapldtie  interfacial areas. It allows explore the dynamio-pr
3 kV. It is necessary to have a microwave signate® Cesses at the level of the constituent element$q,1,
with a ~4W to 6W output power to obtain this vottag 41, 49-51]. . .
The stability of amplitude oscillations in the dgvi 30-keV electron beam with the corresponding
should be approximately +0.25%. wavelength of ~ 0.07 A (the wave vector is labeied
A low-noise microwave signal source with twoki) is projected at the angle 8k 5° on the crystal sur-
output frequencies (6.2 GHz and 6.1 GHz) was déace with adsorbed atoms. The resulting diffracpat
signed at the Research Center of the Siberian Brarigrn gives information about the structure of thiace
of the Russian Academy of Sciences (Krasnoyarsk) @fined by both the substrate and the adsorbedIpart
ensure the above requirements [47]. The powereof thiere Ruan with the co-workers [50] changed tempera-
microwave signal (6.2 GHz) can be regulated in tH&re of the substrate using 800-nm 120-fs lasesesul
range of 0.1-6.0 W, while the power of a 6.1 GHgz fr The reference point when the pump and the protzegul
quency signal is > 5 mW. To obtain a low phaseaoidlit the surface of the crystal simultaneously wefined
level and simultaneously ensure electron frequen@ time-zero4= 0 (see the inset in the upper left of Fig.
tuning, the output signal is formed by mixing twg-s 3.7). Note, that the apparatus (Fig. 3.1) was pampe
nals, i.e., a signal of the generator across thlectric down to about 1® Torr. The recorded diffraction pat-
resonator GDR) and a signal of the generator conterns,Al(8,st«t), are the difference curves related to
trolled by voltage GCV). The frequency is tuned by the underlying structure of the transient state:
the GCV, which also has a low phase noise level at its AI(B;, s; ter, t) = 1(6i, S; ter) - 1(61, S5 1), (1)
fundamental frequency. In the scheme the power sice the reference timgstcan be selected either be-
controlled by changing a gain of the preliminaget fore or after the arrival of the exciting pulseisitlear,
of the amplifier. that the diffraction pattern reveals the structiaréhe
For the convenience of its operation, the deviceciprocal space, after Fourier transformation.
has an output signal power-meter and the frequerey- The scattering intensity4,s;t) in Eq. 1 in the kin-
ter, which shows the frequency detuning of the wiutpematic approximation can be represented as fo[lolys
signal from the rated value. As is knovBDR features 1(8, s, t) = |[PudyFsf + [PuFsf +
alow phase noise level of about — (95-100) dByt®En Dby Dy (FF*s + FaF*g), (2)
the offset from the carrier is 10 kHz. In the desy where there is an explicit dependence on the siajte

scheme, in order to obtain a lower phase noisé:levangle and the spatio-temporal changes. The phase co
GDRis synchronized by a 100 MHz reference signal ugerence is also evident. For example,

ing the phase-lockPL). The synchronization circuit is

based on sampling of ti&DR signal by the short pulses ® =2 exp(-i s, (3)
formed from the reference signal with a low phasieen where, for®y r = na + mb, but for®y r =|lc.
level in the stroboscopic phase detec8Y). The sig- The structural factors of the unit c€llare de-

nal fromSPD arrives through the low-pass filtdtRF)  fined as follows:

and an amplifier (PL loop filter) at the contropixt of _ .
the generator and finely adjusts its frequencysamail- F=2f (s) exp(Bis’) exp(-i s 1), (‘_1)
taneously compensates the phase noises of theagenéfere Bi — Debye-Waller factors anfd (s) — atomic

tor. As a result, it was possible to decrease tiges Scattering factors.
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Eq. 4 has been utilized for different values opattern, which is dependent ah has the bands at
4 andt in order to reproduce correctly the diffractiorsmall scattering angles and correspondingly thg@ra
data and the rocking curves. Here it was takenanto spots at large scattering angles in the Laue zones.

count the surface potential and the finite lendtthe
coherent scattering of the electrons (see Sedn 8)e
structural analysis, the difference method is z«ili
which eliminates the influence of the scatterinigm
sity from the ground state as well as the incoharan
clear scattering, the inelastic scattering andstheme
resonance [52].

The reflections reveal the static structure of
both the surface and the lattice. But with highgeral
resolution it becomes possible to carry out thei-add
tional impressive measurement. First, one can diag-
nose the structural changes of the surface layeitan
re-structuring in real time. Secondly, there isgaifi-
cant difference of the characteristic temporales&br

In the reciprocal space for 2D monolayer of athe processes occurring in the surface layer arlaein
oms the diffraction "rods", separated by a distarafe orthogonal direction. Thus, it is possible to iseland
a andb (Fig. 7), are observed. These rods correspouifignose the initial non-equilibrium structurest(bat
to the constructive interference of coherent wasess. the structures that arise during the propagatiothef
the monolayer is embedded in a crystalline sulgstraexciting pulse)Third, if the surface is used as the ma-
the rods in the diffraction pattern are changing tu trix, one can investigate the strengthening ofrthe
the modulation of the distance between the plafigs ( tual influence of the substrate and the latticerapde-
7). For the electrons, the Ewald spheres definetthdy sent the structural dynamics of the process. The de
vectork;, have rather large sizes, and the diffractiotailed theory of UEC is presented in the papersgs3

Temporal resolution
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Fig. 7. Schematic diagram of ultrafast electrorstaljography. Electron beam is directed to thesmarof a crystal Si (111) at an angle
of 8 <5 °. The Ewald spheres and Laue zones (LO, Dlare depicted (see text). The lower part of tperé shows the structure and the
distance between the bilayers (3.136 A). On théasarayer, the adsorbed atoms or molecules asepied [1,41,50]
Puc. 7. Cxema MeToza cBepXObICTPOH IMEKTPOHHON KpUCTaIUIOrpaduu. DIEKTPOHHBIH CTYCTOK HAIIPaBJICH Ha IIOBEPXHOCTH KPUCTAILIA
Si (111)mon yrinom 6<5°. Ha pucyrke nokasans cepsl DBanbaa u 30861 Jlays (LO, L1, ...) M. Tekcer). Ha HukHeM pparmente pu-
CYHKa H300pakeHa CTPYKTypa M paccTosiHue Mexay oucnosmu (3.136 A),a TaKOKe MPEICTABICHBI aTOMBI HJIH MOJIEKYJIBI, aICOpPOHpO-
BaHHbIE MOBEPXHOCTHBIM cioeM. [1,41,50]
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2.1. SURFACES AND CRYSTALS which include electron redistribution without the-m
Vigliotti with the colleagues have performedt'on of the nuclei (from femtoseconds to a few peo

an investigation of the structural dynamics of tays ©Nds), coherent non-equilibrium lattice expansion
line GaAs surface after the rapid increase oitsgger-  (Starting from 7 ps), the restructuring and théusibn
ature [56]. Using the changes in Bragg diffractian ©f heat (from 50 ps to several nanoseconds).
shift, a line width and an intensity) it has bebnwn, Similar studies were performed for silicon
that "contraction” and "expansion” occur from -0&1 crystals in the presence and in the absence oftadso
to +0.02 A and that “transient temperature” (itsqise  ates. The selection of the ground state as theerefe
definition is not given in the above-mentioned piapePoint showed the changes in the structure causéteby
reaches its maximal value of 158%fter 7 ps (Fig. 8). initial femtosecond pulse, compared with the sariiple
The structural changes are delayed from the inerigas the ground state at "negative” temporal delay (8)g.
temperature, which is demonstrated by the evoluifon The structural dynamics was manifested by the tem-
non-equilibrium structures. poral shift on the rocking curve of the Bragg irapl
peak, while the increase in the amplitude of theeco
sponding oscillations was displayed in the broaagni
of the peaks.

Just as in the case of GaAs there was observed
the motion of whole surface and bulk atoms [50]- Fo
lowing the increase of the electron temperatureckwhi
occurs on a femtosecond time scale, the population
optical phonons is rising, which, after a picoseton
temporal delay causes acoustic waves (expansion and
contraction of the lattice), and, finally, the hegtof
the lattice. Thus, UEC makes it possible to ingzdt
the ultrafast dynamics of the surfaces and bulknato

contraction H

Z 001l . and to observe the structural changes and heasiff

Qf over longer temporal intervals.

.EE; 0.0 2.2. CONVERSION OF GRAPHITE INTO DIAMOND

3 : L . .

2 .01l The conversion of graphite into diamond using
B different nano-carbon materials is of great pakiicu
B, interest. Such process is believed to be assoacnithkd

8 an intermediate state of the rhombohedral phase of
(] 0 200 400 600 800 1000

graphite [58, 59]. While these two forms of graphit
are energetically almost degenerate, they are atephar

by a large energy barrier [58, 60]. Thermodynanhycal
Fig. 8. Study of the surface of the crystal Gasered with I’i/ g . dy [ |] d y h.nlyc
chlorine atoms. Only the changes in the equilibrposition of these transitions can occur only under very |gi_1|—te
the lattice parameters are shown (see text). Fnenpaper [1] ~ peratures and pressures. Recently performed theoret
Puc. 8. Hccrenosanue moBepxunoctu kpucramia GaAs,mokpeiroit  cal studies have shown the possibility of redu(tmg
aTOMaMH XJiopa. Ha PUCYHKE I/1306pa)KeHLI TOJIBKO U3MCHCHUS I1a- energy barrier by d0p|ng Of graphite W|th Chargad' p
pPaMeTpoOB PEIICTKH OTHOCHTEIBHO PABHOBECHBIX (CM. TekcT). M3 . . . .
ctarbu [1] ticles [60], or by electronic excitation [46]. Thigas
demonstrated experimentally: the formation of nano-
These results [1] were compared with nondiamonds was observed at ambient temperatures by

thermal femtosecond optical sensing [57]. Here GaA¥ojecting a beam of argon ions with high chargé (A
surface was covered with a monolayer of chemicalBn graphite following the charge injection from tige
bound chlorine atoms. On ultra-short time scales, tOf a scanning tunneling microscope [61].

contraction followed by the expansion was observed, Raman et al. investigated the possible paths of
which was caused by the increase in temperatutesof Photo-induced lattice motion in pyrographite using
phonons. On larger time scales there was obseeed YEC [62]. Remember, that highly-oriented pyrograph-
restructuring and the corresponding evolution talar ite consists of 2D graphite micro-domains with ran-
the equilibrium structure. The registered strudtdya domly-oriented basal planes. The excitation lasésep
namics can be divided into three modes: the changgad its maximum at 800 nm.

-100 0 100 200
Time (ps)
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This excitation is associated with shear oscilla- 2.3. FATTY ACID CRYSTAL BILAYERS:
tion of the g phonon mode [45] and can cause a change MOLECULAR ENSEMBLES
in the symmetry of the hexagonal graphite layers Studies of the bilayer of fatty acids deposited

(ABAB) into the rhombohedral layers (ABCABC), gnto a hydrophobic surface using Langmuir-Blodgett
whichis required for the formation of'dponds between technique were performed using UEC. Langmuir-
the layers [63]. The diffraction pattern of the@yraph-  g|oqgett technique makes it possible to controktive

ite ground state consists of (006), (008), (001 a|ecylar deposition of ordered molecular film laysr
(0012) Bragg peaks. The analysis of time-dependaQier, and is rather often used for different meamies
scattering intensities showed that the thermatimati building.

time is ~ 8 ps which correspo_nds to the relaxadicthe Arachidic acid was used as an example. The
excess energy from the originally-populated moee Byt cell for arachidic acid is characterized by fol-

into the thermal reservoir of the phonon vibratif6¥. lowing setao = 4.7-4.9 A,bo = 8.0-8.9 A,co = 2.54-
The reduction_ of the intensities of Bragg peaks)00, 59 A, which depends on the pH and the deposition
and (0010) with respect to (008) and (0012) was al3rocedure. The increase in the length of »CHty-
observed (Fig. 9), which corresponded to the deeregcy,. fragment by ~ 0.01 A was experimentally ob-

of the lattice constant by a factor of two. Thissve&-  served. Fig. 10 shows the time-dependent intesity
companied by the formation of the peak at1.9 A on iffraction signal.

LDF (the Layer Density Function) of graphite which
was due to the new distance between the layers.

12!

CLCLELLOEOEELOEECOLeeeiiets
b orrorrrrer s r e s

T T T T T T T T T T T T T T T T
x y’f)‘ .
.
g -

0 ps 20 ps

S (A‘1) r (Ao) . - . -

Fig. 9. The intensity of the electron scatteringsN¥)(and the cor- 50 ps 100 ps 200 ps 510 ps 1110 ps
responding layer density functions (LDF) for théested times
after the rapid photo-excitation of pyrolytic gréeh The appear-
ance of the peak at 1.90 A indicates to the bonmdtion be-
tween the planes [15]

Puc. 9. MHTeHCHBHOCTH paccestius aekTpoHoB M(S,t) u cootser-
crByroie GyHKIUH MIoTHOCTH ciioes (LDF) mist HekoTopsix Mo-
MEHTOB BPEMEHH, CICYIOIIUX 3a ObICTPHIM (HOTOBO30YKACHUEM
IMpOIMTHYECKOro rpadura. BosuukHOBeHMe miKa mpu = 1.90 A
yKa3bIBaeT Ha 00pa3oBaHUE CBSA3M MEXAY IIOCKOCTAMH. [15]

Fig. 10. Ultrafast electron crystallography of 2ilapers of fatty
acids. The structure and dynamics of the sub-c¢hé temporal
interval from -20 ps to 1110 ps after the lasesputausing heat-
ing of Si (111) substrate, is shown. UEC data regrethe struc-
tural changes after 1 ps with the subsequent ggaltt the equi-
librium conditions [1,67]
Puc. 10.Caepx06bicTpast aneKTpoHHast Kpuctawtorpadus 2D
OuCII0eB KUPHBIX KUCIOT. Ha prcyHKe n300paxeHa CTpyKTypa 1
JMHAMHUKa CyOBbsiueiki BO BpeMEHHOM UHTepBaie oT -201c 10

The disappearance of the peak at |ong temporhﬁ].lOHC TOC/IE JIA3EPHOTO UMITYJIbCA, BHI3HIBAIONIETO HArPEBAHHE
delays indicates to the formation of a reversipfe—s ~ "om1oxkn Si(111) Jlanmsie UEC otoGpaxaior cTpyKTypHble

. . ) u3MeHeHus nocie 1 1 ¢ mocneayroueit 3BoJIoueR 10 paBHo-
sp’ hybrid structure similar to that found in the work BeCHbIX ycstoBui. [1,67]
[65], where the graphite-diamond transformations
were studied at high pressures. The process ofodidm Chen with the co-workers [66] investigated by
formation is likely caused by Coulomb attractiomge ygC a single bilayer (two chaingdzCOOH) of ar-
erated by photo-induced charge separation at the Sjchidonic (eicosanoic) acid. They determined the
face via injection of hot electrons into the suéfa gy cture and the orientation of aliphatic chamsvall
the substrate. as the size of the molecular sub-celtid—CHz-). The
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studies made it possible to observe the structlyal 3. PHOTO-SWITCHED SYSTEM FROM INSULATING
namics in the bilayer placed on the substratenthe TO METALLIC PROPERTIES

tion of atoms and self-organization of layers [6. The development of high-brightness electron
10 shows the structure of the investigated bilayet gsources was key to opening up this class of stiidy.
the corresponding sub-cell in two directions. gain some appreciation of the quality of the diffian

All diffraction patterns consist of spots (and/oata that made this possitiie see the dramatic im-
bands), that demonstrates a high quality of twoetim provement with source brightness [27].
sional crystal structure of the arachidonic acidysr Improvement in source brightness enabled a dy-
and surface of Si (111) substrate functionalizethwinamic observation of the photo-induced structural
hydrogen. The diffraction patterns at "negativeetimchanges in the interesting charge-ordered orggsiers
delays” and a small electron incidence arfgtgoaral- comprising ethylenedioxytetrathiafulvalene (EDO-)TF
lel and perpendicular incidence directions) suggest and Pk counterions, (EDO-TTEHPFs, shown in Fig. 11.

that the tilting angle of chains is close to zemd ¢he This system can be photo-switched from insu-
parameters of the bilayer sub-cell should be giwgn lating to metallic properties [70] by means of argje-
the set obpy = 4.7 A,bp=8.0 A,co=2.54 A. transfer process strongly coupled to nuclear modes,

The symmetry of the bilayer corresponds tstabilizing the change in charge distribution, lasven
rhombohedral packing R (001) with (001)-plane beingchematically in Fig. 11. Inspection of the diffeces
parallel to the Si(111)-surface. These experimerial between the insulating and metallic structures show
ues of the lattice parameters differ from theosdtial- that the formation of the metallic state involMes flat-
ues ofap = 4.96 A,bp = 7.4 A [68]. Such discrepancytening of the EDO-TTF moieties. The displacement of
can be explained by the fact that the theoretihlas @ bending mode toward this planar configuration
were calculated for infinitely-long aliphatic chaiand Would lead to an increase in the wave function layer
the calculations did not take into account the tealn Petween molecules and increased electronic delocali
carboxyl group of fatty acids. Furthermore, theypdr Zation as part of the onset to metallic properiéshin
is consists of two monolayers, so that the sutesratl & CONventional transition-state picture, one wowt:
the conditions of its deposition (e.g. its pressame urally expect the bending coordinate to be the domi

pH) definitely play an important role. Note, thaet nant mo_de_in this process. However, this simplified
distance g between (Ch)-planes is in agreementl'ne of thinking only works for few atom systemsr

with the theoretical value of 2.54 A. In the expeeit sidering just the molecules Within. a single-unitl,ce
the selective structural dynamics of the bilayesw his problem involves over 280 different degrees of

: : P reedom or dimensions. However, it was found that a
investigated. As shown in Fig. 3.10, already atdae . . ' )
lay of about 1 ps, after the heating pulse, thekesa of the diffraction orders could be fit by the disp-

ment of just three reduced modes (Fig. 11C) in tvhic

ing of the Bragg diffraction peaks was observede Tr}h . .
. . . e motion of the heavy BFcounter-ion appears to be
changes in the Bragg diffraction peaks become ma e key mode. In hin(\gight, this observgtri)on isarnd

pfo”.“”?”t kl;orrl]ar?er te”.‘pora(; (;Ir(]elays $10-|100 s:z Istandable because the photo-induced change in elec-
triguingly, both electronic and thermal pulses tron distribution will lead to a change in the Ibfield
destroy the bilayer, that has been demonstrated tfLt will exert a force on the counter-ion [9, 2The

multiple experiments. , o PR ion is rather large, and its motion, through steri
The observed behavior of the diffraction pataacts, couples the other modes. The projectitomea
tern reflects the initial stretchingdo = 0.1 A) of the e three reaction coordinates (Fig. 11C) look like
sub-cellin the bilayer induced by the heating euisl-  shadow projections of one another; the modes are
lowed by the restriction caused by heat dissipali®®  sirongly correlated.
stretching is taking place with the time constaht o One typically uses an approximate frozen slice
~ 25 ps, while the subsequent contraction occutls Wipf 3 many-body potential to discuss reaction coordi
the time constant of ~ 55 ps. Note, that the p@ssithates and get a feel for the forces and types ¢ibmo
compression on nanosecond temporal intervals is ifivolved in directing the process. However, these r
structure. With 150-fs temporal resolution in thene, sults show that the modes are dynamically couphed a
perpendicular to the molecular chains, no significathat one cannot intuitively guess which modes are i
changes were observed [67]. Here it should be notgolved or the relative degree of coupling. In pithe,
that the morphology and the lattice parameterdef ttime-dependent ab initio theory can provide therinf
surface layer depend on of the matrix and the moditnation on the relative degree of coupling betwden t
cation of the surface [69]. different possible motions [9, 21]. There is a tirBiven
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Fig. 11. Reduction in dimensionality. Dynamic obsgion of the
photo-induced structural changes in the g chardered organic
system comprising ethylenedioxytetrathiafulvaleBBQ-TTF)
and Pk-counter-ions, (EDO-TTEPFs, (A) Molecular structure
of EDO-TTF. (B) Representative electron diffractiaattprn to il-
lustrate the high quality of diffraction. (C) Thewsttural changes
can be mapped onto three reduced-reaction cooedii§at mo-
tion of the Pk~ counter-ionggs, bending coordinate; aré, slid-
ing motion of the rings) that stabilize the changeharge distri-
bution, leading to electron delocalization and riethehavior.
The projections along these three normalized coatds are
highly correlated, indicating strong coupling bes&wahese nomi-
nal reaction modes. (D) Schematic depiction ofrtiedion along
these modes is given to provide a sense of theommtnvolved,
from the insulating structure (LT), to a transiariermediate
structure (TIS), to the final metallic-like struotu(HT), with di-
rection of motion indicated by the arrows and sppsed struc-
tures for some sense of animation [70]
Puc. 11.Penykiust pazmepHOCTH. JlnHaMIdeckoe HaOII0JeHIE
q)OTOI/IHIIyHI/IpOBaHHLIX CTPYKTYPHBIX H3MCHCHUH B opraHuyie-
CKOii cucTeMe ¢ yHOPsI0YCHHBIM 3apsiioM, cofepxalieit (3Tu-
neuguokcu)rerparnadynsBaier (EDO-TTF)u npoTHBOHOHEI
PF6-, (EDO-TTF)2PF6, (AMonekynspHas crpykrypa EDO-
TTF. (B) XapakrepHast 3JIeKTpPOHOrpaMMa, HILTIOCTPHPYIOLIAst
BbICOKOE KauecTBO paspetueHusi. (C) CTpyKTypHBIC H3MEHEHHS
MOTYT OBITh H300paXKEHBI C MOMOIIBIO TPEX KOOPAMHAT PEaKLUU
(&p, nBmkenue nporuBorona PFs; &g, koopaunara usruba; &r,
CKOJIB)KCHUC KOIIeL[), CTa6I/IJII/I3I/IpyIOHII/IX HU3MCHECHUEC pacrpenecic-
HUs 3apsijia, IPpUBOAAIICTO K ICTIOKAIN3alluK 3JIEKTPOHOB U IIPO-
SIBIICHHIO METAJULTHYECKUX CBOMCTB. HpoeKL[I/II/I BJI0JIb 3TUX TPEX
HOPMAJIbHBIX KOOPANHAT BBICOKOKOPPEJIUPOBAHBL, 1 OOHAPYKHU-
BAIOT CHIIbHOE B3auMoeiicTBre apyr ¢ apyrom. (D) Cxema nBu-
JKeHHUS BIOJIb TPEX HOPMAJIbHBIX KOOPAWHAT NpUBEICHA AT N300-
paXeHus1 COOTBETCTBYIOILMX TUIIOB IBUKEHUM, COIIPOBOXK a0~
LIKX [IEPEX0]] OT U30JIUPOBaHHOM CTpyKTYpHI (LT) K cTpyKTYpe
nepexoanoro cocrosiuus (TIS) u 3aTem k puHANBHOH MeTaIono-
no6Hoi ctpykrype (HT), npudem HanpaBlieHHE JBHKCHHUS 0TOO-
PaXKEHO CTPEIIKAaMH U HAJIO)KCHHBIMU CTPYKTYpaMHu, CO3Aar0luMHU
s¢dexr anumarmu. [70]
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the highest level of time-de-
pendent ab initio theoretical
methods have to use highly trun-
cated model systems to approxi-
mate typical chemical reactions.
In this respect, theoretical calcu-
lations of reaction coordinates
are generally projected along the
modes found to be most strongly
coupled to the reaction coordi-
nate. Given the level of approxi-
mations required in treating
electron correlation energies and
highly simplified model struc-
tures, the observed reduction in
dimensionality even within full
modal basis calculations might
be considered to be a conse-
guence of the truncated moiety
used to model the reaction coor-

¥
NL—" dinate[9, 21].

We now see that this approach can be experi-
mentally justified for even very complex systems.
There is in fact an enormous reduction in dimeredion
ity that again is the key to how chemistry redutes
transferrable concepts in the form of reaction mech
nisms [27, 71].

CONCLUSION

Integration of electron optics and pulsed laser
techniques into a single experimental layout presid
an effective tool for research into the structdsaiam-
ics of matter with high temporal and spatial resolu
The new techniques give rise to a very promising
branch of modern physics and chemistry, advancing
investigations in the 4D space-time continuum for a
better understanding of both the dynamic propedfes
molecular systems with an intricate landscape ef th
potential energy surface and the mechanisms holds
promise to provide a common understanding of devers
phenomena from chemical/biological process to large
length scales associated with phase transitionsrin
densed media, including full description of nanevol
umes of solid particles.

The “pump-probe” experiments using ultra-
short laser pulses provide the important capadslitor
the investigation of the fast processes on theaserf
However, the existing experimental techniques which
are based on the probe of the spectra of the astborb
molecules provide rather limited information on the
structural dynamics. Yet, the understanding ofdire
namics of the surface absorbed molecules is retjfgre
a number of the applications such as heterogeraous
talysis.
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The applicability of UEC and UENnC (Part Il) should be expected the fundamentally-new results in

the field of 4D dynamics, studied with high spa&oa-

the study of the influence of the adsorbed moleg;ulgooral resolution.
the observation of the transitions from the crysidhe
liquid phases and the investigation of the surfadés cesses of the phase changes, it is required ngtlosl
a variety of adsorbed molecules, molecular asses\bli structural imaging of the samples and their inteefa

different

In order to understand the underlying pro-

nanoparticles has been experimentalip steady conditions, but also the insight intoirthe

demonstrated. Here femtosecond laser pulses daeisestructural dynamics, the redistributions of thérus-
coherent restructuring of the surface layers with-s ture in real time. The development of ultrafasttten
angstrom displacement of the atoms and non-equili{fraction, ultrafast crystallography, ultrafaséetron
rium dynamics of the surface structure is deterghinanicroscopy and the dynamic transmission electrean mi

from Bragg diffraction spots and rings.

UENC (Part Il) can be successfully applied to stildy tural dynamics of condensed phase and opens up new

croscopy (DTEM) allows combine atomic spatial res-

The electron capture by the surface causes tbkition, achieved in the electron diffraction tejues,
change of the potential and subsequently affeas tith high time resolution of the femtosecond laser
motion of the nuclei inside the adsorbed moleculeperiments. In this context, the "optical pumpinglec-
The adsorption of the molecules with a lower effect tron diffraction probing” has led to an extremebwp
electronegativity leads to a decrease in the atlsarp erful tool for the investigation of the structudghamic
energy and reduces the characteristic time of the dorocesses in different materials.

namic response of the system to the external eixgita
It was clearly demonstrated, that UEC anthe capability for the direct observation of theust

The obtained experimental data demonstrate

redistribution of the charge and energy at therinteopportunities for the analysis of chemical substamt
faces. For example, UEnC allows explore the sampldgee surfaces in 4D space-time continuum with pico-

with the surface densities as low as 6 particlesupg,

that shows the potential possibility to observeisioe
lated nanopatrticles. Upon reaching of the submicrdyo. 16-29-1167 OFI_m and partial support by grant
transverse sizes of the probing electron bunches,No. 15-59-32401 RT-omi.
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