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AHu3zomponnsle aHcamou a1a3epHo-8030yHcOeHHBIX MOAEKY1 MO2yn Oblmb 00pPa306aHbl,
Hanpumep, oo deilicmeuem hemmoceKyHOHbIX UMNYIbCO8 NOIAPUIOBANHOZ0 JIAZEPHOZ0 U3TIYYe-
nus. Teopemuuecku npedckazano, Ymo ougpaKyuoHnvle KAPMUHbBL, NOJIYUEHHbLE 0J15 RPOCIMPAH-
CIMGEHHO OPUEHMUPOBAHHBIX MOJIEKYl 6 2a3060il (aze, nNO360NAIOM ONPEOENsAMb He MOIbKO
MedHcboepHble pACCMOAHUS, HO U sanenmHuble y2avt — 3D cmpykmypy monekynvt. B nacmosweii
cmambe nPeodJ10Hcenbl 0CHOGHbBIE ITIEMEHM bl MEOPUU, KOMOPble MOZYM Oblmb UCNOTb306AHBL 014
aHanU3a IKCHEPUMEHMATLHBIX OAHHBIX MEMO0a OUPpPaKyuu 11eKmpoHo8 ¢ 8PeMeHHbIM paspe-
WieHUeM, ROYUEHHBIX 011 NPOCHPAHCIMEEHHO OPUEHMUDPOBAHHBIX/8bIPOGHEHHBIX 1A3EPHO-803-
OYHCOCHHBIX MOSIEKY. Dmom hopmanuzm npuMeHuUM 011 UCCAeO08AHUS RPOUECCO8 OUCCOUUA-
UUU U A0EPHOIl OUHAMUKU npoyeccos homoouccoyuayuu. Teopus unnrocmpupyemcsa mooeaupo-
6aHUEM UHMEHCUGHOCHel pacceanusn 03 homoundyyuposannoii ouccoyuayuu moaexyn ICN.
Paccuumansi 3aeucaugue om epemenu UHMEHCUBHOCIU MOJIEKYIAPHO20 PACCEAHUSA U COOMEEnt-
cmeyrujue QYHKYuU paouaibHozo pacnpeoeienus Medcva0epHblX paccmoanuii 6 npoyeccax o-
moouccoyuayuu \CN. Ha ocnose modenvHvix pacuenmos, npedcmaesieHHbIX 6 IMON cmamaoe, 603-
MOJHCHO cOenamsb 3aKa0yenie 0 mom, Ymo Memoo Ou@paKyuu I1eKmpPoHo8 ¢ 6PEMEeHHbIM pa3pe-
uienuem 0aém RPUHUURUATILHYIO 803MOMCHOCHb U3YUEHUA KO2EPEHMHOI OUHAMUKU (homooduc-
couyuayuu 6 peaibHOM mMacuimade epemenu, 3SHAUUMENIbHO MEHbULEM, YeM OTUMENbHOCHb 30H-
oupyrouiezo nekmpounozo umnyivca 300¢hc, umo docmuzaemes 6 nacmoauiee epems 6 paoe IKc-
nepuUMeHmOo8, 8bINOIHEHHBIX MEMOOOM OUPPaKyuu INEeKMPOHOE C 8PEMEHHbIM PA3peuleHUeM.
Ilonyuennvie pe3yromamol cOnOCMABIEHbl C OAHHBIMU NPEOBLOYULUX MOOETbHBIX UCCIC006AHUT
HEYnopA0OUEeHHBIX, A MAKIHCE OPUEHMUPOBAHHBIX AHCAMOIIEN 08YXAMOMHBIX MOICKYIL.

KiroueBble ciioBa: 1udpakiius dJ1EKTPOHOB C BPEMEHHBIM pa3pelieHueM, KOTepeHTHAs CTPYKTYPHAsS
JUHAMUKA, TTpoIiece POTOAMCCOIHAIINN, OPUECHTUPOBAHHBIC MOJICKYJIBI, onpeaeicHne 3D-CTPYKTYphl MOJIEKYT
B ra30Boi (ase
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The anisotropic ensembles of laser-excited molesutan be formed, for example,
under the action of fs pulses of polarized lasedration. It was theoretically predicted that
the electron diffraction pattern from aligned molates in the gas phase allows determining
not only internuclear distances but also valenceghs that is 3D molecular structure. In
the current article, we propose the basic elemeotgshe theory that can be employed for
analyze of time-resolved electron diffraction (TREData obtained from oriented/aligned
laser-excited molecules. This formalism is appli¢alo dissociative processes and to nuclear
dynamics studies of photo dissociation studies. Tineory is illustrated by modeling the dif-
fraction intensities of photo generated dissociatiof ICN molecules. The time-dependent
intensities of the molecular scattering and the cesponding radial distribution functions
of the internuclear distances at the processests photo dissociation of ICN were calcu-
lated. Based on model calculations presented irstairticle we conclude that TRED method
provides the principal possibility of study of caleat dissociation dynamics for real scale of
time which is essentially less than the electrorigruduration of 300 fs, which is achieved at
present in a number of TRED experiments. The resultbtained were compared with our
previous modeling studies of randomly oriented adlidtomic aligned molecular ensembles.

Key words: time resolved electron diffraction, coherent stowal dynamics, photodissociation process,
aligned molecules, 3D structure determination enghs phase
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INTRODUCTION The theory was first confirmed experimentally
The application of femtosecond laser pulsed Refs. [18, 19] for adiabatically oriented £%ole-
made it possigli to observe for the first time m;l cules using the TRED method with a resolution ohd.0

time dynamics of fast elementary molecular pro&ss@o elucidate the structure of_organlc moleculeshsas
low-molecular weight proteins scarcely amenable to

and to obtain snapshots of molecules at differages
p crystallization, the authors of Ref. [20] usedtaofdig-

of chemical reactions. The new discipline, femtauhe 4 gel dropl q : I b
istry [1-4] or coherent chemistry [5], emerged. Th&!d g€l droplets and a continuous electron beamizro
g a diffraction pattern. Organic molecules, esgaall

temporal resolution provided by femtosecond lasdpd @ QITr: dropl insid | . bl b
pulses proved sufficient for investigations inte tiu- proteins, in a droplet or inside a glassy ice | be
clear dynamics in the molecule. spatially oriented under the effect of polarizediation

%f a powerful continuous wave laser. Iterative radth

Because of the chaotic orientation of molecule ina the oh blerm h b q
in the gas phase, unlike X-ray diffraction by astay, '°F Solving the phase problem have been proposed.
In the current article we propose the basic ele-

the electron diffraction technigue in the abserfcads .
ments of the theory that can be employed in analyse

ditional information (e.g., about equilibrium camdra- _ _
tion symmetry of the study system, equivalenceesf c of TRED data recorded from oriented/aligned laser-e
’ cited molecules. The formalism is applicable tesdis

tain chemical bonds, character of vibrational epelig-  ~.". ; _
ciative processes and to nuclear dynamics studies o

tribution) permits determining only a one-dimensibon ' . . ,
molecular structure or a set of internuclear diganit diSSociation phenomena. The theory will be illustia

restricts applications of the electron diffractiethod °Y Modeling the diffraction intensities of photogen

for studying the structure and dynamics of compleix ated dissociation of ICN molecules. The results vél
yatomic molecules. The solution of a structureteela cOMPared with our previous modeling studies of ran-

problem even in the case of relatively small mdiesu domly oriented [21] and diatomic aligned molecular

implies the involvement of results obtained by othe ensembles [13].
perimental methods, such as vibrational spectrgscop 1. THEORY: BASIC ASSUMPTIONS
and/or quantum-chemical computation. AND APPROXIMATIONS
X-ray crystallography is believed to be the most
adequate tool for the elucidation of the structireom-
plex polyatomic molecules. However, this methodlman
applied only for the study of crystalline objed#oreo-
ver, the local environment of a molecule distagsiruc-
ture and makes it difficult to study the nucleanawyics.
A new approach to structural research based
isolated molecule irradiation by a large numbeplad-
tons contained in a single X-ray laser pulse was p

positlj (ijn ﬁef' [6]. Trr:e use %f r‘.aﬂ:f][f sho_rt lasésesu substantial modification of the electron diffractithe-
enabled the researchers to obtain diffraction p&ie- .y tor randomly oriented molecules in the gas phas

fore the study system was destroyed. Diffractiof pg11_17] assuming single scattering processesdst f

]'Eerns for m'%ro' ?nd n?no?tweter objc(aj(_:ts_ were takén Wg|qcrons (>10 keV) with short (attosecond) cohegen
emtosecond pulses of soft X-ray radiation [7-HlW- 0 the electrons encounter molecules that aenes

ever, this method is currently employed only iri#8 a1y “frozen" in their rotational and vibrationstates.

of fairly large objects, such as nano-sized p&sicl ;s the latter can be accounted for by usingarob

: An alternative approach takes advantage of ﬂﬂfﬂity density functions (p.d.f.) that charactertbe en-
time-resolved electron diffraction (TRED) method a§e e under investigation. If the molecular system

applied tp anlsotrop!c ensemb!es (or_lented _md;@:u investigated are not at equilibrium, as is the dase
whose dipole transitions are oriented in the dio®df oy ,jjes’ of |aser-excited molecules, a time-dependen
po!arlzatlc_)n of th_e laser radiation) in the_ gassehd he p.d.f. must be used to describe the structuralutiooi
anisotropic environment of laser-excited molecule the system. In addition, rotational and vibraib

can be formed_, for examp'?' _under the effect of fotions can be separated adiabatically, sinceatier |
pulses of polarized laser radiation. It was thecady involves much faster processes

predicted in Refs. [11-17] that the electron ditfian The equation for the time-dependent molecular

pattern from “oriented’ molecules in the gas piaise g waring intensity can be written as follows &ske
nishes an opportunity of determining not only inter ., o g. Ref. [13]):

clear distances but also valence angles.

The interaction of ultrashort pulses of polar-
ized laser radiation on an isotropic medium of ran-
domly oriented molecules leads to photoexcitatibn o
the molecules which dipole momentums are oriented
in the direction of the laser radiation polarizatio
Thus, the spatial anisotropy of coherently excitel-
®Qules is created, generating different types afiab
order of the ensemble. The electron scatteringryheo
for spatially oriented ensembles of molecules nexjui
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in classical and quantum mechanical ap-

Imol Do)~ (SRIETalf SIS Refexplimy(e)l o A oy pro.

x((expsm)med=(1/R)Y Ti-lfi(S)I[f(S) coslny (s))x duced via plane-polarized laser beam, both
JoorPuni,) oo 2cPerc B, tyexpsri)sinedpsdas ]y (1) approximations yield similar results. '

In Eq. (1)( ...) correspond to vibrational and While Eqg. (1) is general enough for description
spatial (orientational) averaging over the scaitegn- of polyatomic molecules we first consider the cake
semble. P,(r;,t) and R{a;,B;,t) — vibrational and ori- linear polyatomic molecules. For electron scattgan
entational probability density functions (PDFs); reoriented linear molecules we need to consider two
spectively;o;andp; — angles in the spherical polar co/hain cases: scattering from molecules orientedlpara

ordinate system (Fig. 1), which defines the origota to the prlmary_electron beamz which will be caltad .
of the internuclear distance vectgr parallel scattering and scattering from molecules ori-

ented perpendicular to the incident electron beam,
which we callperpendicular scattering. In the first
case, B(a,B;t) depends only on angte(Fig. 1), since
the polarization of the laser beam is collineaatis Z.
Laser radiation at the initial time t=0 separates ¢x-
cited and unexcited molecules ensembles. In thug,ca
the PDF can be written as [22, 23]:

||Re™(@) = (3/4r)cosa (3)

IRs" () = (3/Br)sirfa, (4)
wherellP,;™ andllP,;"** refer to the excited and unex-

cited ensembles, respectively.
Fig. 1. Definition of scattering coordinates usedthe develop- For perpendicular scattering, the polarization

ment of intensity equations in electron diffractiénis the scat- : : .
tering angle ang the azimuthal angle in the detector plae; vector of the laser beam is perpendicular to taeiZand

andks are the wave vectors of the incident and scatteteztrons, the PDF is dependent on the arml@nd the anglIB:

respectively; s is the momentum transfer vedtprs the internu- J—F’spe"((x,ﬁ) = (3/4;1) sirﬁacogﬁ (5)
clear o!|_stance yector.between _the rllucle[ of atqgm:_ju, wh|ch__ J—Psp“”e’(a,B) — (3/8‘:) [1 _ Sirf'aCOSZB] (6)

are positioned at andrj, respectively; andj andpj give the ori ) -

entation of the molecular framework with respeathi® XYZ la- The scalar producs;) in Equation (1) can be

P 1.C boratory frame written in terms of trigonometric functions of aes|
uc. 1.LHuCTeMa KOOPpAUHAT, UCIIOJIb3YyEMast IIPU BBIBOJAC YpaBHE- . . . .

HI/If/i, OIMACBIBAIOIUX UHTCHCUBHOCTD PACCEAHUS DJIEKTPOHOB. - a andB’ WhICh determlne the Or|entat|0n Of the VeCtor
yrox paccesins, ¢p —asuMyTanbHbii yron B miockoctn zerek- 1 IN coordinates of scattering angl@sind @, which

TOPA; ko u ks —BostHOBEIE BEKTOPHI ITaJAr0IIETO U PACCEIHHOI O descrlbe electron Scatterlng

3JIEKTPOHOB, COOTBETCTBEHHO; S —BEKTOP Mepeaaul UMITYJIbCa; I jj N = . . o . .
- BEKTOP MEXbSIJCPHOTO PACCTOSIHUSA; 0ij U [3ij — YTJIbI B chepude- (Sr“) [ COS|)COS@/2)SII’UCOSB SII’\d)COS@/Z)SII’USII’XI)+
CKOH cucTeMe KOOpJUHAT, KOTOpast ONpeAessieT OPUEHTALUIO BEK- +sin(9/ Z)COSI]SI’ij (7)
TOpa MEXBICPHOTO PACCTOSHUS B KOOPIMHATAX PACCESTHUS Using the Eq (1) and PDE (Eq 3-6) after in-
For spatially isotropic ensemble of randoml)}egrat'on bya andp [25, 26] we obtain the intensities

oriented molecules i, B,) = 1/4rt The equation (1) for parallel molecular scattering of electrons:

becomes: | |||molex(5,t)=(|0/R2)ZZi¢j=1,r;|figS)||f(552|0032(3n£2(3))x2
Imol(S,t) = R? izi=1.N[fi i X x PVib(ri"t){[Sin(Sri')/Sn'][(lls T )(1'3 14ko )+ 14ko ]'
o= ljZF%;(]r”l :I)l[s(?rzgszlsig(?ﬁm(s» 2) J ‘[COS(]S“)/]SZrij2](1'J332/4k02)}drij (8)

0 and e (s.0=(WRITT 1 alf(S)(S) oSty (s))<

Time-dependent funclions s B, Pus(13, D{[Sin(siy)/si]x (1-5/4k)-{cos(si)-

Pvib(rij,t[) in Eq. Q) determ.ine the molecular sgattering _sin(sg)/si](1/Sr2)(1-32/4kAdr, o)
intensity at time t. The first function determinge

evolution of the spatial distribution. Vibrationaiob- As can be seen from Eq. (8, 9), the dependence
ability density function describes the structuraiam- ©Nn the wavelength of electrons, ¢ 2iwA) is weak for

ics in the ensemble of laser-excited particlese@s- €lectrons with energies greater than 10 keV in the
tional probability density function for an ensembfe Whole range of typical values of s. Moreover, asin
laser-excited molecules is described in severdigasb the case of isotropically oriented molecules, scéig
tions [22-24]. A systematic study was carried oyt bintensity is axially symmetric and depends onlyttos
Zare [23]. In this study there were obtained equmsti Scattering anglé.

Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. ZOY. 60. N 3 7



Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. ZOY. 60. N 3

In contrast to this result, the intensity of per-
pendicular molecular scattering is not axially syetm
ric and explicitly depends on the azimuthal angle

LlmoP(59.0=(1/RA) T Yii=1 nlfi(S)[[f(S)|coshn(s)) %
xJPuin(ri, D{[sin(sr;)/(sr;)-cos(sk)](1/sk)?-(1-S/4ke?)
x[(3/S%r;3-1/sK)sin(sg)-(3/sri?)cos(sf)]cosdrij (10)
Lo "5 $,)=(Io/R2) .Y i=1 n[fi(S)[[f(S) [cOSn(5)) %
x[Pun(ry, YY{[sin(sry)/(sr)][1-(1-sY4ke?) coSd]+
+[cos(sf)-sin(sg)/(sr;)](L/sf;)7[1-(1-

-S14ke?)3coSo]}dr (11)
For derivation of those equations, each PDF
(Eq. 3-6) was normalized. Therefore,Is,t) repre-

sented by Eqg. (8-11) are also normilized. In theeem
ble of excited and unexcited particles there mashb
troduced corresponding relative weights of theatest a
[13]. The Eg. (8-11) require explicit equations for
P.in(r;»t), which can be represented by, for example, or
the basis of the stochastic approach proposeeipah
per [13].

For accounting for quantum effects in the dif- e SR
fraction intensitys it is required to define timepend-

ent PDFs, P(r,t) =h.|J(I’,t)|2 by solving corresponding
time-dependent Schrbédinger equation. Various ap _.
proaches for solving this problem were suggestéd [2
29]. In an article of [13] suggested utilizing F@Fbu-

rier Grid Hamiltonian) method [29-32]. b

Fig. 2. (a) Schematic layout of the TRED experindegigned to
2. MODELING THE COHERENT DISSOCIATION study anisotropic ensembles of laser-excited médscThe inset

DYNAMICS OF LASER-ALIGNED ICN MOLECULAR schematically presents the temporal sequence ofedipansitions

ENSEMBLES in sample molecules in the TRED scattering voluntet. A0,
a vertically polarized laser pulse traverses tHame and creates

The schematic experimental layout for TREDa population of excited states composed of moleowith dipole

study of aligned molecules is presented in Fig\ - transitions oriented largely in the vertical difent(dark lines).
early polarized laser pulse) (excites molecules in the (b) Schematic diagram of the experimental setugztedn beam,
gas phase and the sample is diagnosed by an decﬁa@er and molecular beam are orthogonal to eadr.@h scatter-

. . . ing angle ana - azimuthal angle in the plane of the detecta-rel
pulse generated with a given delay time. The laser tive to the polarization of the laser radiatien.the polarization

electron beams intersect 3;t°90-he electron p_U|5e vector of the laser light (blue arrovg);- the angle between the
scattered from the sample is a bunch of electrit®s; bond C-I (dissociation axis) and the polarizatidthe laser radia-
longitudinal extent is &t, where v is the electron ve- tion. The atoms in a molecule ICN: I-1, C-2, N -3

locity, andAt is the pulse length. Puc. 2. @) Cxema TR'%D-SKCHepI/IMCHTa UL MCCIIENOBAHUs AHHU-
30TPOIHBIX aHCAMOJIEH J1a3epo-BO30YKIEHHBIX MOJIeKyl. [Toka-

. The pUIse (6|eCtr0n bunCh) IeaVIng the ScattegaHO CXEeMAaTUYHOC NMPEACTABJIICHUC BPEMEHHOT'O psijia JUIIOJIbHBIX
ing volume makes up the central core of unscatterediepexonos monexyn o6pasia B pacceupatouiem oGbeme ycera-

electrons surrounded by the expanding cloud of scatosks TRED.TIpn t = Onmrysibe asepa, HMEIOLIHH BepTHKATE-
tered electrons of varying intensity, shown infigare HYIO NOJIAPHU3aLUIO, IepeceKaeT 00beM, Co31aBasi ONpPEACICHHYIO

in the f fri h | diff . . 3aCEJICHHOCTh BO30YKIEHHBIX COCTOSIHUH, COCTOSIIYIO U3 MOJIe-
In the form of rings. The electron diffraction et IS KyJI, AMEIOIUX TUIOJIbHBIC IEPEX0/bl, IPEUMYLIECTBCHHO OpH-

taken far from the scattering center in a relayigehall  enruposannsie B BeprukansHoM HanpasneHny (temube MHMIM).
region of scattering angles on a flat detectorctiiger  (s) 'eomerpus sxciepuMeHTa: SIEKTPOHHBIIA TyHOK, Jla3epHOE
of which coincides with the incident beam axis. fEac3"1y4eHuE U MOJIEKYIAPHELH 40K OPTOrOHaLHAL § —yron pac-

. - . - CcesHus, ¢ — a3HMyTaHbHBIfI YroJ B IJIOCKOCTH AETEKTOpa OTHOCHU-
pOInt on the deteCtor 1S CharaCterlzed by Scagam TCJIBHO IMOJISIPpU3alluy JIa3€PHOT'0 U3JIYUCHUSA. € — BEKTOP MOJIApU-

gle® and azimuthal angig, corresponding to the wave sauun naseproro nsnyuenns (rony6as cTpeska); o — yron MexKy
vectork and the momentum variation vec®iThe ra- nanpaeneruem cessu C-l (och AMCCONHMALI) U TTOIAPU3ALINH Ja-
3epHOro uany4eHus. Atomsl B mojiekyne ICN: 1 —1,C -2, N -3

detectof

electron beam
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dial distance between the registration point arel tlat 266 nm it was found that vibrational populatran
center of the unscattered beam denoted by s’ is pti®s,n(v= 1)h(v=0) = 0.012n(v = 2)h(v=0) = 6- 16,
sented in the figure as the expression throughtguam(v = 3)h(v=0) = 1-1d.

tiessandk; the camera distance between the scattering In the 266 nm photolysis, the experiment [39]
point and the center of the diffraction patterntbea determined rotational distribution of the radiczds be
detector is denoted by L. presented as a sum of thregrBain distributions cen-

Rotation of excited and unexcited moleculetered at the rotational temperatures=137(3) K, & =
with different angular velocities causes dephasihg =489(12) K and 7= 6134(250) K, with approximately
oriented molecules and the loss of the initial ordlee equal in grated fractional populations.
order can be restored on significantly longer time Rotational excitation of the CN fragments re-
tervals for the wave packet rotational revival. guires an additional term in the potential functiggn.

To illustrate the basic effects arising in th€12), and can be approximated in diffraction iniges
scattering time-dependent intensities and theirecor by including the centrifugal distortiofir of ther(CN)
sponding Fourier transforms (the radial distribatiointernuclear distance in a relatively long time gan
functions of the inter-atomic distances), we waltfis However, considering time scale of the dissociatioa
on the linear triatomic molecules (A-B-C), in whitte  evolution of the angular momentum can be neglected.
action of a laser pulse breaks the bond A-B. Inyman In a series of studies (please, see, e.g., ref. [37
cases, the potential function for such systemsbean and references cited therein) it was shown thateat
expressed as [33]: wavelength of 306 nm, the dissociation channel-lead

V(R, r) = Vo exp[- R—y r)lp], (12) ing to the iodine excited state’Ry;) is effectively
whereR — the distance between the nucleus A and tleéosed. Thus, based on the experimental studies de-
center of mass of the fragment B-C in the moleéule scribed in ref. [37], in our model calculations ttis-
B-C;r =ro(BC) -r(BC); y =mc/(me + mc); ro(BC) and  sociation of the ICN was assumed to proceed via a
re(BC) — internuclear distance in the ground vibnadio stretching reaction coordinate, and the parametiers
state and the equilibrium internuclear distancehef ref. [37] for the dissociative potential leadind (&2
fragment B-C, respectively; — a so-called range pa-were used (Eq. 13). The molecular electron diffeerct
rameter [33, 34]. The reactions and APES of thigl ki intensities, sM(s), for the molecule in their grdatate
are well known for a number of the systems [33-Bb]. were calculated with the parameters of refs. [18] a
the first stage of the analysis, it has been shthen [36] using standard computational procedures [40].
manifestation of the nuclear dynamics in the sdatge One approach that can be used to describe the
of the ultrashort pulses of the fast electronshigydys- dynamics of the excited molecules is an approxionati
tems that dissociate in accordance with the ad@babf the wave packet [41-44]. The wave packet carries
potential functions. the information on the relative positions and nacle

The ground state of the ICN molecule is apmomenta, as well as their components at different
proximated by a Morse function with the parameter&PES, corresponding to different electron stateX [4
av = 190 pnt, R(iodine to center-of mass distance) #3]. For the wave function with minimal uncertainty
261.7 pm,De = 26340 crit. The dissociative state is Gaussian function can be used as the basis far¢ae
selected from several that are possible, and dbggs ation of the wave functions of the system, as & -
(12), with the parameteké = 242720 cm, Ry = 262.2 posed in refs. [43-45]; please, see also [42]) ditar-
pm andpo= 80 pm, as given in refs. [35, 36]. ing the classical trajectory in the phase spacesrevh

The photodissotiation of ICN has been studiethe Hamiltonian in the vicinity of the moving point
extensively both by experimental and theoreticahme {p(t); R(t)} can be expressed in terms of the degrees of
ods, including femtosecond transient state spectrdp -(p(t))) and R - (R(t))) up to the second order, the
copy (please, see ref. [37] and references therein) wave function is defined as follows [43]:

The dissociation of ICN (210 A< 350 nm) y(r,t) = exp{(2ui/h)[o(t)(R<R(t)))? +
proceeds via two channels [37, 38]: +(P(O)(RLR®))+ y(D]}, (15)
ICN — 1(?Ps12) + CN(X?ZY) (13) whereq(t) gives the spreading of the wave packg),~
ICN — 1(*Pr2) + CN(X2Y), (14) its complex phase, ard.) — is the expected value. Us-

producing the CN radicals predominantly in the gbu ing the time-dependent Schrédinger equation, we can

electronic state X=*, and the iodine atoms in tABs2  obtain the differential equations for the positéon the
and?Py; states. The vibrational distribution of the CNmomentum:

fragment of the ICN molecule was measured [39] ancy(R(t))/et = (p(t)y/m anda(p(t))/ot = <V(R)/ER), (16)
whereV(R) — the potential in the Born-Oppenheimer
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approximation. The Eq. (16) describe the trajectdry Comparison of the diffraction intensities for
the wave packet. For large temporal delays after tparallel and perpendicular scattering (Eq. (8) @)
excitation of the studied molecules and the use shows differences (Fig. 3) in the angular depenglenc
longer probing electron pulses it should be coneide of the molecular intensities. The intensity patigrthe
the increase of the width (the spreading) of theewalatter is no longer axially symmetric, the essdri@a-
packet, which manifests in the diffraction pattdm. tures can still be recorded with a linear detesystem,
this case, the probability density of the intermaitdo such as CCD camera. This is because all angular ef-
distances in the ensemble of the dissociated miglecufects at the detector can be measured by rotatieg t
can be represented as follows: plane of polarization of the laser light. The vifizaal
P(R, t) = [Zi6?()] Y2exp{-[R-R(1)]/25%(1)}, (17) p.d.f. is rather flexible for use in studies offédient
whereo(t = 0) — the dispersion of the wave packet dypes of vibrational distributions in laser-excitebl-
the initial time of the laser excitation, aift) — the ecules [11, 13]. It can be used in analyses of TRED
classical trajectory of the center of gravity of thave data by refining the parameters that defingPt), di-
packet. Consequently, the dispersion of the prdpageectly from the experimental data. However, it aann
ing wave packet can be expressed as a linear éunctbe applied to dissociative processes, becausethe-c
of time during its free motion: lant expansion does not converge in such cases.
a(t) = a(0)[1 + Wt/ 16n°nmPe*(0)]Y2 (18) Correlations between wave packet dynamics
If the pulse laser pump has a formddtinction and the modes of laser excitation are important for
att = 0, the temporal dependence of the molecular igpectroscopic investigations, but not for elecsoat-
tensity will be: tering. Thus, they were not taken into accounthia t
sM(s, t) = g(s)(sin (SR)/R)P(R, t)dR.  (19) current modeling calculations. Some representative
When the form of the probing electron pulse isults for ICN obtained in this way are given in.Fg
approximated by the Gaussian function with there¢nt
pointt =ty and corresponding duration ©fthe aver-
aged molecular intensities can be written as:
(sM(s,t): = (2ntd) “Jexp[-(t-t)¥2t]sM(s,t)dt  (20)
Using the above theory, it were calculated the
time-dependent intensities of the molecular saatger
and the corresponding radial distributions of titer- ( )
nuclear distances during the processes of the diseto
sociation of ICN, Fig. 3 (please, see ref. [45]¢om-
parison of the results).

a b

Fig.3. Molecular scattering intensities sMsof isotropic (1S0) ~ Fig. 4. Diffraction pattern simulated accordinggg. (11). The

and anisotropic vibrationally excited non-equilibri molecular following experimental parameters were used: tiseadice be-
ensembles of ICN molecules for angs0 (a), and 45° (b). Lin- tween the nozzle and the recording material ig¥8 mm, probe
ear polarization of laser radiation is directechalthe axis X time is t = 200 fs and the probe pulse duration325 fs
(perpendicular scattering). The figures were ofeinsing the al- _PHC- 4. DIEKTpOHOrpaMMa, CMOJIEINPOBAHHAA O YPABHEHHIO
gorithm described in [46] (11). IMapamerpsl 3kcriepuMeHTa: PaccTosiHUE COILIO-PErUCTPHPY-

rouuii Marepuan 1=478mm, t=200¢c u Bpemst uMITyIbca dJeK-

Puc. 3. MouiekysipHble HHTEHCHBHOCTH paccestiust SM(Sfp) u3o-
TPOHHOTO ITydka =25 dc

tpomHoro (-1SO) 1 aHM30TPOITHOTO KoJIehaTeIbHO BO30YK/ICH-
HBIX MOJIEKYISIpHBIX ancamOueit ICN st yrios @= 0 (a), and 45° (b).

JluneiiHas nossipu3anus Ja3epHOro U3Iy4eHHs HallpaBIcHA The speed of propagation of the ICN wave
Bzi011b ocn X (neprienaukyisipHoe paccesne). Pucynkn nonyuensr — packet is faster in the current calculations timetihose
C HCIIOJIB30BAHUEM JITOPHTMA, OIIMCAHHOTO B padote [46] reported previously [11]. This is so because theedp
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of propagation of the center of gravity of the wavéopic ensembles have been derived to study thereoh
packet in the calculations of ref. [11] dependstltn ent nuclear dynamics of laser excited species.
asymptotic group velocity v = EZm)*2, which in turn The study also shows that TRED intensities
depends on the available eneEgyThe present calcu- can be readily calculated for dissociative procgsse
lations refer to slightly higher available energyjues. provided the APES is known. Because of this cotrela
The good agreement between the two sets tén, if the TRED intensities are expressed disetl
results — those based on quantum dynamical calculerms of the APES, solution of the inverse problem
tions and those based on the Gaussian wave pgeketseems feasible, which provide information on cohiere
proximation [11, 13] is an important finding becausstructural dynamics of the transient state of thena-
the latter represent a more straightforward andeon cal reaction from TRED data.
ient method for analysing TRED data in terms offra | Based on model calculations presented in this
ited number of adjustable parameters which carebe article we conclude that, by TRED method, time-de-
fined more readily from the experimental data. pendent coherent dissociation dynamics can in princ
CONCLUSIONS ple be resolved at a realistic time scale thatiﬁ;ign
cantly shorter than the electron pulse duratioBQfi
By providing intensity expressions for spafs, which is achieved at present in a number of DRE
tially anisotropic ensembles, the current study@®n- experiments.
tinuation of our efforts [11, 13, 21] to createhadret- Acknowledgements The work was supported
ical base for analysing TRED data. The time-depengy RFBR grant No. 16-29-11679 OFI_m and partially
ent molecular intensity equations for spatiallysani by RFBR grant No. 14-22-02035 OFI_m.
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