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ДИНАМИКА ФОТОДИССОЦИАЦИИ НЕУПОРЯДОЧЕННЫХ МОЛЕКУЛЯРНЫХ 

АНСАМБЛЕЙ ПО ДАННЫМ МЕТОДА ДИФРАКЦИИ ЭЛЕКТРОНОВ С ВРЕМЕННЫМ 

РАЗРЕШЕНИЕМ 

Введение времени в дифракционные методы и разработка основополагающих 

принципов их анализа открывает новую методологию для изучения переходных состоя-

ний центров реакции и короткоживущих промежуточных соединений в газообразных и 

конденсированных средах. В данной статье мы предлагаем основные элементы теории, 

которые могут быть использованы при анализе данных, полученных методом TRED для 

хаотически ориентированных лазеро-возбужденных молекул. Разработанная теория 

применима к процессам фотодиссоциации свободных молекул. Теория иллюстрируется 

моделированием фотогенерированной диссоциации молекул ICN. На основе модельных 

расчетов, представленных в этой статье, мы приходим к выводу, что методом TRED 

возможно исследование когерентной динамики процессов фотодиссоциации. Зависящие 

от времени данные метода TRED позволяют наблюдать динамику фотодиссоциации 

при реалистичном значении временного разрешения метода, составляющего 300 фс, что 

достигается в ряде экспериментальных установок метода TRED. 

Ключевые слова: дифракция электронов с временным разрешением, переходные состояния ре-

акционных центров, процессы фотодиссоциации, когерентная динамика фотодиссоциации 
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PHOTODISSOCIATION DYNAMICS OF RANDOMLY ORIENTED MOLECULAR ENSEMBLES 

BY TIME-RESOLVED ELECTRON DIFFRACTION 

The introduction of time in diffraction methods and the development of foundational 

principles of their analysis opens up new methodologies to study transient states of the reaction 

centers, and short-lived intermediate compounds in gaseous and condensed media. In the current 

article, we propose the basic elements of the theory that can be employed in analyses of TRED da-

ta recorded from randomly oriented laser-excited molecules. The formalism is applicable to pho-

todissociative processes and to nuclear dynamics studies of photodissociation phenomena. The 

theory was illustrated by modeling the diffraction intensities of photogenerated dissociation of 

ICN molecules. Based on model calculations presented in this article we conclude that, by TRED 

method, time-dependent coherent dissociation dynamics can in principle be resolved at a realistic 

time scale that significantly shorter than the electron pulse duration of 300 fs, which is achieved 

at present in a number of TRED experiments.  

Key words: time-resolved electron diffraction, transient states of the reaction centers, photodissocia-

tive processes, coherent dissociation dynamics 

 

 

INTRODUCTION 

In the beginning of 1980’s, the diffraction 

paradigm was formulated: implementing electron dif-

fraction with time resolution adds a temporal coordi-

nate to the determination of molecular structures [1-

4]. Time-resolved electron diffraction (TRED) rested 

on the concept of flash photolysis originally proposed 

by Norrish and Porter in 1949 [5]. Advances in the 

generation of X-ray pulses have made possible the 

closely related time-resolved X-ray diffraction 

(TRXD) [6]. In both methods, short laser pulses cre-

ate the transient structures and induce chemical dy-

namics that are subsequently imaged by diffraction at 

specific points in time. 

TRED and TRXD as methods for structural 

and dynamic studies of fundamental properties differ 

from traditional diffraction methods in both the exper-

imental implementation and in the theoretical ap-

proaches used to interpret the diffraction data [7, 8]. 

The transition to the picosecond and femtosecond 

temporal scales raises numerous important issues re-

lated to the accuracy of the dynamic parameters of the 

systems studied by analyzing time-dependent scatter-

ing intensities. There is a particularly pronounced 

need of corresponding theoretical basis for the pro-

cessing of the diffraction data and the results of spec-

tral investigations of the coherent dynamics of mole-

cules in the field of intense ultrashort laser radiation. 

Such a unified and integrated approach can be formu-
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lated using the adiabatic potential energy surfaces 

(APES) of the ground and excited states of the mo-

lecular systems under study [9-11]. 

To understand the dynamic features of mo-

lecular systems within the complex landscapes of 

APES it is necessary to explore them in the associated 

4D space-time continuum. The introduction of time in 

diffraction methods and the development of founda-

tional principles of their analysis opens up new meth-

odologies to study transient states of the reaction cen-

ters, and short-lived intermediate compounds in gase-

ous and condensed media. 

The use of pico- or femtosecond bunches of 

electrons as probes, synchronized with the pulses of 

the exciting ultrashort laser radiation, and led to the 

development of ultrafast electron crystallography and 

nanocrystallographic techniques [12], of dynamic 

transmission electron microscopy [13-17] and of mo-

lecular quantum state tomography [18]. One of the 

promising applications, developed by the electron 

diffraction methods, is their use for the characteriza-

tion and the “visualization” of processes, occurring in 

the photo-excitation of free molecules and biological 

objects for the analysis of different surfaces, thin 

films, and nanostructures (see the recent review arti-

cles [19-29]. The combination of state-of-the-art opti-

cal techniques and diffraction methods, using differ-

ent physical principles but complementing each other, 

opens up new possibilities for structural research at 

ultrashort time sequences. It provides the required 

integration of the triad “Structure-Dynamics-

Function” in chemistry, biology, and materials sci-

ence [15, 16, 23]. 

In the current article, we propose the basic el-

ements of the theory that can be employed in analyses 

of TRED data recorded from randomly oriented laser-

excited molecules. The formalism is applicable to 

dissociative processes and to nuclear dynamics stud-

ies of dissociation phenomena. The theory will be 

illustrated by modeling the diffraction intensities of 

photogenerated dissociation of ICN molecules. The 

results will be compared with our previous modeling 

studies of randomly oriented molecular ensembles. 

1. Theory: basic assumptions and approxima-

tions 

A plane wave electron that is elastically scat-

tered by an atom emerges as a spherical wave with an 

amplitude given by [30]: 

(R, exp(ikR)/R}f( ),                (1) 

where R is the distance between the scattering center 

and the detector plane and the absolute value of the 

wave vector k is given by k = k  = 2 /  with  the 

wavelength of the electron. For an isolated atom, the 

atomic electron scattering amplitude f( ) determines 

the amplitude of the electron beam scattered into the 

angle  (Fig. 1). 

 

C  A

ML D

Sample  
Fig. 1. Scheme of the TRED for random oriented molecules and 

determination of the coordinates of the scattered electron. θ - the 

scattering angle,  θ) – a correction to the scattering angle caused 

by Coulomb repulsion in the electron bunch; ko and ks - wave 

vectors of the incident and scattered electrons, respectively; s - 

momentum transfer vector in the laboratory frame XYZ. C- cath-

ode, A - anode, ML - Magnetic Lenses, D - Diaphragm; τL - the 

duration of the laser pulse, e - electron pulse duration; l - axis of 

the electron bunch in the direction of its motion, R - axis of the 

electron bunch in the transverse direction; d - the time delay be-

tween the excitation laser pulse and diagnosing electronic pulse 

Рис. 1. Схема TRED эксперимента для произвольно ориен-

тированных молекул и определение координат рассеяния 

электронов.  – угол рассеяния, δ(θ) – поправка к углу рассе-

яния, вызванная кулоновским отталкиванием в элект-ронном 

пучке; k0 и ks – волновые векторы падающего и рас-сеянного 

электронов, соответственно; s – вектор передачи импульса в 

лабораторной системе координат XYZ; К – катод, А – анод, 

МЛ – магнитные линзы, Д – диафрагма, τL – длительность 

лазерного импульса, τe – длительность электронного импуль-

са, l – ось электронного импульса в направлении его движе-

ния, R – ось электронного сгустка в поперечном направле-

нии, τd – время задержки между возбуждающим лазерным 

импульсом и диагностирующим электронным импульсом 

 

As the electron traverses the atom, it experi-

ences a phase delay, making the scattering factor 

complex. While for scattering from a single atom this 

phase shift is inconsequential, scattering from multi-

ple atoms may entail different phase shifts from each 

individual atom.  

The amplitude of the wave scattered by atom i 

within a molecule is written as [30]: 

i (R, exp(ik R-ri )/ R-ri }exp(ik0zi)fi( ), (2) 

where zi is the projection of the atomic position vector 

ri onto the Z-axis (Fig. 1) and R is the scattering dis-

tance. Since R is a macroscopic parameter (i.e., ri << 

R), eqn. (2) can be expressed as: 

i (R, exp(ikR)/R}exp[i(k0-ks)ri] fi( ),    (3) 

where k0 and ks are the wave vectors of the incident 
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and scattered electrons, respectively, and k0 = ks  

for elastic scattering. 

Introducing the momentum transfer vector s 

with a magnitude of s = k0-ks = (4 / )sin( /2), 

and invoking the superposition principle, one obtains 

the amplitude of the electron wave scattered by the 

molecular system of N atoms as: 

 i=1,N i = exp(ikR)/R} i=1,N fi(s)exp(isri)  (4) 

The intensity of the scattered electrons can be 

expressed in terms of the electron current density j: 

j(s) = (he/4 mei)( i* i - i i*),       (5) 

where e and me are the electron charge and mass,  

the gradient operator, and i* the complex conjugate 

wave function. 

Using Eqns. (4) and (5), one obtains for the 

intensity: 

I(s) = I0 jsc/j0) = I0 Re{(1/2ik0) i=1,N ( i* i - i i*)} = 

= (I0/R
2
) Re i=1,N fi(s)exp(isri) j=1,N fj*(s)exp(-isrj)} = 

= (I0/R
2
) i=1,N fi(s)

2
 + Re i j=1,N fi(s)fj*(s) exp(is(ri-rj))} (6) 

In equation (6), I0 is the intensity of the inci-

dent electron beam, j0 (=hk0e/2 me) and jsc are the 

current densities for the incident and the scattered 

electrons, respectively. Re denotes the real part of the 

function. Higher order terms, corresponding to multi-

ple scattering, are neglected for the current purpose. 

Equation (6) is often written as I(s) = Ia(s) + 

Imol(s), where the first term is ascribed the incoherent 

“atomic scattering” because it does not depend on the 

internuclear distances. The second term, which does de-

pend on the internuclear distances, is ascribed to the co-

herent “molecular scattering”. For each pair of atoms (i,j), 

separated by the instantaneous internuclear distance,  

rij = ri-rj, eqn. (6) yields the molecular intensity function: 

Imol(s) = (I0/R
2
) Re{ i j=1,N fi(s) fj(s) exp(i ij(s))  

exp(isrij)},                             (7) 

where Δ ij(s) is the difference in the phase shifts in-

curred by the electrons while scattering from atoms i 

and j, respectively [31, 32]. 

Inherent in eqn. (7) is an approximation 

known as the Independent Atom Model (IAM), which 

assumes that the electronic wave function of each at-

om in a molecule is just that of the isolated atom [30]. 

This implies that the effects of chemical bonding on 

the electron density distribution of the atoms are ig-

nored. Within the IAM approximation, the molecular 

surrounding of an atom does not affect its scattering, 

so that tabulated atomic scattering factors can be used 

for each atom in a molecule.  

Assuming single scattering processes for fast 

electrons (> 10 keV) with short (attosecond) coher-

ence time, the electrons encounter molecules that are 

essentially "frozen" in their rotational and vibrational 

states. Thus, the latter can be accounted for by using 

probability density functions (p.d.f.) that characterize 

the ensemble under investigation. If the molecular 

systems investigated are not at equilibrium, as is the 

case in studies of laser-excited molecules, a time-

dependent p.d.f. must be used to describe the structur-

al evolution of the system. In addition, rotational and 

vibrational motions can be separated adiabatically, 

since the latter involves much faster processes. The 

time-dependent molecular intensities can then be rep-

resented by averaging eqn. 7 with the p.d.f. that repre-

sents the spatial and vibrational distributions of the 

scattering ensemble [32, 33]: 

Imol(s,t) Imol(s) vib sp =(I0/R
2
)  

i j 1,N fi(s) fj(s) Re{exp[i ij(s)] exp(isrij) vib sp}=  

=(I0/R
2
) i j=1,N fi(s) fj(s) cos( ij(s))  

Pvib(rij,t)[ Psp( ij, ij t)exp(isrij)  

sin ijd ij]drij                      (8а) 

In eqn. (8a), ...  denotes the vibrational and 

spatial (orientation) averaging over the scattering en-

semble, Pvib(rij,t) and Psp(αij,βij,t) are the vibrational 

and spatial p.d.f., respectively, and αij and βij are the 

angles of the spherical polar coordinate system (Fig. 

2) that define the orientation of the internuclear dis-

tance vector rij in the scattering coordinate frame. 

 

 
Fig. 2. Definition of scattering coordinates used for the develop-

ment of intensity equations in electron diffraction.  is the scattering 

angle and  the azimuthal angle in the detector plane; k0 and ks are 

the wave vectors of the incident and scattered electrons, respective-

ly; s is the momentum transfer vector; rij is the internuclear distance 

vector between the nuclei of atoms i and j, which are positioned at ri 

and rj, respectively; and α and β give the orientation of the molecu-

lar framework with respect to the XYZ laboratory frame 

Рис. 2. Система координат, используемая при выводе уравне-

ний, описывающих интенсивность рассеяния электронов.  

 – угол рассеяния, φ – азимутальный угол в плоскости де-

тектора; k0 и ks – волновые векторы падающего и рассеянного 

электронов, соответственно; s – вектор передачи импульса; rij 

- вектор межъядерного расстояния; αij и βij – углы в сфериче-

ской системе координат, которая определяет ориентацию 

вектора межъядерного расстояния в координатах рассеяния 
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For spatially isotropic, randomly oriented 

molecules, Psp(αij,βij) = 1/4 , and eqn. (8a) simplifies 

to the following expression for the time-dependent 

molecular intensity function: 

Imol(s,t)=(I0/R
2
) i j=1,N fi(s) fj(s) cos( ij(s))  

Pvib(rij,t)[sin(srij)/srij]drij       (8b) 

The time-dependent p.d.f., Psp(αij,βij,t) and 

Pvib(rij,t) in eqn. (8a), determine the molecular intensi-

ty function, Imol(s,t) at time, t. The former describes 

the evolution of the spatial distribution in the system 

under investigation. The vibrational p.d.f. describes the 

evolution of structure in the ensemble of laser-excited 

species. In what follows, we concentrate on internucle-

ar dynamics that evolves on a time-scale much shorter 

than the orientation effects, such as the rotational recur-

rence [10]. Therefore, only the time-independent spa-

tial p.d.f, Psp(αij,βij), will be considered in the current 

analysis. For the particular case of a molecular en-

semble at thermal equilibrium, eqn. (8b) can be written 

in the form first derived by Debye [34]:  

Imol(s)  Re i j=1,N fi*fj sin(srij)/srij vib-rot = 

= i j=1,N fi fj cos[ i(s)- 

- j(s)] sin(srij)/srij] dFT(rij),      (9) 

where FT(rij) is the probability distribution function at 

the vibrational temperature T, and dFT(rij) = PT(rij)drij. 

As in the time-independent case, the method 

of averaging in eqns. (8a, b) may be defined freely, so 

long as certain conditions of convergence and normal-

ization are fulfilled. The modified molecular intensity 

function sM(s,t) can be calculated as:  

sM(s, t) = sImol(s, t)/Iat(s),    (10) 

where Iat(s) is the atomic background [31], considered 

here to be time-independent. 

We now consider more generally the intensi-

ties of electrons scattered by a molecular ensemble 

after excitation by a short laser pulse. Let us assume 

that the laser field produces a wave packet of highly 

vibrationally excited states that propagates on the po-

tential energy surface of the excited electronic state of 

the molecule.  The time-dependent function (r,t) of 

the wave packet can be expanded in terms of the or-

thonormal basis functions n(r) in the following way 

(see, for example, [35]):  

(r,t)  n=0, Cn n r) exp(-2 i En t/h), (11) 

where n is the quantum number identifying the state 

with energy En, Cn is the amplitude, and the n(r) are a 

complete set of arbitrary analytic functions. 

The modified molecular intensity for random-

ly oriented species can then be represented by [36]: 

sM(s,t)  g(s) *(r,t) (r,t) [sin(sr)/r] dr  = 

= g(s) n,m=0, Cm*Cn exp(-2 i Emnt/h)  

 m*(r) n(r) [sin(sr)/r] dr,     (12) 

where ΔEmn = Em-En, and g(s) is the reduced atomic 

scattering factors [31]. 

Therefore, the radial distribution function ob-

tained from a time resolved electron diffraction 

(TRED) experiment, i.e., the Fourier transform F(r,t) 

of the modified molecular intensity sM(s,t), also de-

pends explicitly on both the internuclear distances 

and the time. Thus, it contains direct information on 

the time-evolution of the molecular structure through: 

F(r,t) = (2/ )
½
 sM(s,t) exp(isr) ds (13) 

Applying the general form of the molecular 

intensities, eqn. (8b), to the one-dimensional case, it 

is possible to write: 

sM(s,t)  g(s) P(r,t) [sin(sr)/r]dr,          (14) 

where P(r,t) = *(r,t) (r,t) and, consequently: 

F(r,t)  P(r,t)/r                         (15) 

Thus, eqns. (12)-(15) show that in TRED, the 

modified molecular intensities of scattered electrons 

depend explicitly on both the time-evolution of inter-

nuclear distances and the energy distribution. Aver-

aging the molecular intensity function sM(s,t) over an 

electron pulse profile function I0(t; td) yields the 

TRED diffraction intensities sM(s; td), parametrically 

dependent on the delay time td between the pump la-

ser pulse and the electron probe pulse of duration τ: 

sM(s; td)  = t,t+  I0(t'; td)sM(s, t')dt'.       (16) 

In this way data refinement involves minimi-

zation of the functional: 

i=1,m [ siM( si;td ) exp - R siM( si;td ) theo]
2
,  (17) 

where m is the number of data points and R the index 

of resolution.  

The solution of the inverse diffraction prob-

lem is a characteristically ill-posed problem [37, 38] 

and is described for TRED data refinement in Chap-

ters 2 and 4 of the monograph [11].  

2. Modelling the dissociation dynamics of ICN 

To illustrate the basic effects arising in the 

scattering time-dependent intensities and their corre-

sponding Fourier transforms (the radial distribution 

functions of the inter-atomic distances), we will focus 

on the linear triatomic molecules (A-B-C), in which 

the action of a laser pulse breaks the bond A-B. In 

many cases, the potential function for such systems 

can be expressed as [39]: 

V(R, r) = V0 exp[- (R - γr)/ρ],       (18) 

where R – the distance between the nucleus A and the 

center of mass of the fragment B-C in the molecule 

A-B-C; r = r0(BC) - re(BC); γ = mC/(mB + mC); r0(BC) 

and re(BC) – internuclear distance in the ground vi-

brational state and the equilibrium internuclear dis-

tance of the fragment B-C, respectively; ρ – a so-

called range parameter [39, 40]. The reactions and 
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APES of this kind are well known for a number of the 

systems [39-41]. In the first stage of the analysis, it 

has been shown the manifestation of the nuclear dy-

namics in the scattering of the ultrashort pulses of the 

fast electrons by the systems that dissociate in accord-

ance with the adiabatic potential functions.  

The ground state of the ICN molecule is ap-

proximated by a Morse function with the parameters: 

aM = 190 pm
-1

, Re (iodine to center-of mass distance) 

= 261.7 pm, De = 26340 cm
-1

. The dissociative state is 

selected from several that are possible, and obeys 

Eqn. (18), with the parameters V0 = 242720 cm
-1

, R0 = 

262.2 pm and ρ = 80 pm, as given in refs. [41, 42].  

The photodissotiation of ICN has been stud-

ied extensively both by experimental and theoretical 

methods, including femtosecond transient state spec-

troscopy (please, see ref. [43] and references therein).  

The dissociation of ICN (210 < < 350 nm) 

proceeds via two channels [43, 44]: 

ICN → I(
2
P3/2) + CN(X

2 1
)       (19) 

ICN → I(
2
P1/2) + CN(X

2 1
),       (20) 

producing the CN radicals predominantly in the 

ground electronic state X
2
Σ

1
, and the iodine atoms in 

the 
2
P3/2 and 

2
P1/2 states. The vibrational distribution 

of the CN fragment of the ICN molecule was meas-

ured [45] and at 266 nm it was found that vibrational 

population ratios, n(v = 1)/n(v = 0) = 0.012; n(v = 

2)/n(v = 0) = 6·10
-4

; n(v = 3)/n(v = 0) = 1·10
-4

.  

In the 266 nm photolysis, the experiment [45] 

determined rotational distribution of the radicals can 

be presented as a sum of three B0 main distributions 

centered at the rotational temperatures T1 = 37(3)K, 

T2 = 489(12)K and T3 = 6134(250)K, with approxi-

mately equal in grated fractional populations. 

Rotational excitation of the CN fragments re-

quires an additional term in the potential function, 

Eqn. (18), and can be approximated in diffraction in-

tensities by including the centrifugal distortion δr of 

the r(CN) internuclear distance in a relatively long 

time range. However, considering time scale of the 

dissociation, the evolution of the angular momentum 

can be neglected. 

In a series of studies (please, see, e.g., ref. 

[43] and references cited therein) it was shown that, at 

the wavelength of 306 nm, the dissociation channel 

leading to the iodine excited state I(
2
P1/2) is effective-

ly closed. Thus, based on the experimental studies 

described in ref. [43], in our model calculations the 

dissociation of the ICN was assumed to proceed via a 

stretching reaction coordinate, and the parameters of 

ref. [43] for the dissociative potential leading to 

I(
2
P3/2) were used (please, see Eqn. 19). The molecu-

lar electron diffraction intensities, sM(s), for the mol-

ecule in their ground state were calculated with the 

parameters of refs. [32] and [42] using standard com-

putational procedures [31]. 

One approach that can be used to describe the 

dynamics of the excited molecules is an approxima-

tion of the wave packet [46]. The wave packet carries 

the information on the relative positions and nuclear 

momenta, as well as their components at different 

APES, corresponding to different electron states [46]. 

For the wave function with minimal uncertainty 

Gaussian function can be used as the basis for the cre-

ation of the wave functions of the system, as it was 

proposed in the work [47-49]; please, see also [46]). 

Considering the classical trajectory in the phase space, 

where the Hamiltonian in the vicinity of the moving 

point {p(t); R(t)} can be expressed in terms of the de-

grees of (p - p(t) ) and (R - R(t) ) up to the second 

order, the wave function is defined as follows [47]: 

r,t) = exp{(2 i/h)[ (t)(R- R(t) )
2
 + 

+ p(t) (R- R(t) ) + (t)]},        (21) 

where α(t) gives the spreading of the wave packet, γ(t) – 

its complex phase, and ...  – is the expected value. 

Using the time-dependent Schrödinger equation, we 

can obtain the differential equations for the position 

and the momentum: 

∂ R(t) /∂t = p(t) /m and ∂ p(t) /∂t = - ∂V(R)/∂R ,(22) 

where V(R) – the potential in the Born-Oppenheimer 

approximation. The equations (22) describe the trajec-

tory of the wave packet. For large temporal delays 

after the excitation of the studied molecules and the 

use of longer probing electron pulses it should be 

considered the increase of the width (the spreading) of 

the wave packet, which manifests in the diffraction 

pattern. In this case, the probability density of the in-

teratomic distances in the ensemble of the dissociated 

molecules can be represented as follows: 

P(R, t) = [2πσ
2
(t)]

-1/2
exp{-[R - R(t)]

2
/2σ

2
(t)},   (23) 

where σ(t = 0) – the dispersion of the wave packet at 

the initial time of the laser excitation, and R(t) – the 

classical trajectory of the center of gravity of the 

wave packet. Consequently, the dispersion of the 

propagating wave packet can be expressed as a linear 

function of time during its free motion: 

σ(t) = σ(0)[1 + h
2
t
2
/16π

2
m

2
σ

4
(0)]

1/2
. (24) 

If the pulse laser pump has a form of δ-

function at t = 0, the temporal dependence of the mo-

lecular intensity will be: 

sM(s, t) = Σi>jgij(s) (sin (sR)/R)P(R, t)dR,    (25) 

where     P(R,t) = Nexp(-V0{R(t)} – R0)/ E),        (26) 

N = exp(-V0{R(t) – R0}/ρE)dR(t)         (27) 

When the form of the probing electron pulse 

is approximated by the Gaussian function with the 
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central point t = t0 and corresponding duration of τ, 

the averaged molecular intensities can be written as: 

sM(s,t0) τ = (2πτ
2
)
-½

t,t+τ(exp[-(t-t
0
)
2
/2τ

2
] sM(s,t) dt   (28) 

Using the above theory, it were calculated the 

time-dependent intensities of the molecular scattering 

and the corresponding radial distributions of the inter-

nuclear distances during the processes of the photo-

dissociation of ICN, Figs. 3 and 4 (please, see ref. 

[50] for comparison of the results). 
 

0 5 10 15 20

45 fs

30 fs

15 fs

0 fs

s, Å
-1

 
Fig. 3. Molecular intensity functions sM(s,t) calculated for the 

dissociation dynamics of the ICN randomly oriented molecules as 

a function of probe time in TRED using 300 fs electron pulses. 

Diffraction intensities were calculated for the photodissociation at ICN 

excitation from the ground state to the dissociative state (Eqn. 19) 

Рис. 3. Интенсивности молекулярного рассеяния sM(s,t), рас-

считанные для динамической диссоциации произвольно ори-

ентированных молекул ICN как функции от времени реги-

страции TRED с использованием 300 фс электронных им-

пульсов. Дифракционные интенсивности рассчитывались для 

фотодиссоциации при возбуждении молекулы ICN из основ-

ного состояния в диссоциативное (19) 
 

0 5r, Å

45 fs

30 fs

15 fs

0 fs

 
Fig. 4. Radial distribution curves F(r,t) calculated for the dissocia-

tion dynamics of the ICN randomly oriented molecules as a func-

tion of probe time in TRED using 300 fs electron pulses. Diffrac-

tion intensities were calculated for the photodissociation at ICN 

excitation from the ground state to the dissociative state (Eqn. 19) 

Рис. 4. Функции радиального распределения F(r, t), рассчи-

танные для динамики диссоциации произвольно ориентиро-

ванных молекул ICN как функции от времени регистрации 

TRED с использованием 300 фс электронных импульсов. 

Дифракционные интенсивности рассчитывались для фотодис-

социации при возбуждении молекулы ICN из основного со-

стояния в диссоциативное (19) 

When it is used the model of the Gaussian 

wave packets (eqn. (21), we can obtain the results 

shown in Figs. 3 and 4. From Fig. 3 it is clear that the 

radial distribution curves obtained with a relatively 

long probe pulses are significantly different from 

those presented in ref. [50]. However, some details of 

the dynamics of the wave packets still it is possible to 

define at a time interval, which is much shorter than 

the probe duration. Figs. 3 and 4 also shows that the 

distribution of the time-dependent wave packet can be 

observed using the TRED technique, if the probing 

electron pulse is 300 fs and can be achieved with our 

new TRED equipment [51].  

The studies carried out in the work [50] show, 

that the time-dependent intensity of the electron dif-

fraction observed for dissociative states, is strongly 

dependent on the shape of APES. The investigations 

also demonstrate that the diffraction intensities in 

TRED can be easily calculated for the dissociative 

processes, if we know the function of the potential 

energy. Thus, in principle it is possible to solve the 

inverse problem, i.e. the determination of the parame-

ters PES using the TRED technique. 

The method of reference frames and synchro-

nization of structures  

TRED method utilizes synchronized sequenc-

es of ultrafast pulses – laser pulse is utilized to initiate 

the reaction and electron pulses to probe the subse-

quent changes in the molecular structure of the sam-

ple. The time-dependent diffraction patterns are rec-

orded using CCD-camera in the new femtosecond 

TRED apparatus [51]. The pulse sequence is repeated 

in such a way that electron pulses appear before or 

after the laser pulse, and in fact the images of the 

evolving molecular structure is performed in a con-

tinues recording mode. 

One of the significant features of electron dif-

fraction is that electron scattering occurs from all at-

oms and the atom-atom pairs in the molecular sample. 

Therefore, unlike spectroscopic techniques where a 

probe laser pulse is tuned to specific transitions, prob-

ing electron pulse is sensitive to all particles encoun-

tered along the way. Therefore, electron diffraction 

can detect structures, which are not immediately de-

tected by spectroscopy. However, determination of 

the molecular structure in TRED represents a formi-

dable challenge. Diffraction patterns represent a su-

perposition of incoherent scattering from atoms as 

well as coherent molecular interference from all at-

om-atom pairs. Because of the lack of long-range or-

der in gases that increase the interference of coherent 

interference, incoherent nuclear scattering is an order 

of magnitude higher that the coherent one. In addition, 
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due to the small fraction of molecules that undergo 

structural changes (typically – ~ 10% or less), a major 

contribution to electron diffraction pattern is made by 

molecules that did not undergo photoexcitation. 

A key success in obtaining information about 

structural dynamics of a small set of molecules that 

undergo structural changes when the signal is much 

less, than the background was the application of the 

method of reference frames [52]. The method consists 

of synchronization of electron pulses in such a way 

that a baseline reference signal is established in situ. 

That is usually obtained at "negative time" (before the 

pump (laser)) in the ground state, or one of the evolv-

ing structures at positive times. At a different refer-

ence times (tref) it is possible to choose selected 

changes. Numerical methods allow for determination 

of the difference between each of the diffraction pat-

terns with a time resolution and a separate reference 

signal. The technique is demonstrated in a number of 

examples (see, e.g. review article [52]). 

The method of reference frames has several 

major advantages. First, the strong (unwanted) back-

ground signal from the atomic scattering is a common 

contribution to all diffraction patterns – regardless of 

the time delay and the nature of the reaction – and, 

therefore, can be virtually eliminated by calculating 

the difference between diffraction patterns for several 

time delays. Thus, despite the fact that in general, the 

background is dominated in the diffraction pattern, in 

the curve of the intensity of the reference frame mo-

lecular scattering is dominating. Secondly, any intrin-

sic error of the detection system will be effectively 

eliminated or significantly reduced by calculating the 

difference. Finally, each sample with selected refer-

ence frame represents the relative contribution of each 

reactant and the transition structures, while in the 

original raw data, only relatively small fraction of the 

signal originates from transient structures, while most 

of the signals are caused by unreacted components. 

Hence, the importance of the contribution of transi-

tional structures increases significantly in samples 

with selected reference frames. 

Difference method for time-dependent dif-

fraction data analysis. The recorded diffraction pat-

terns are dependent on the time delay between the 

pump (laser) and the probe (electron) pulses, I(s; tref, 

t), are difference curves related to the structural 

changes of the transition state: 

I(s; tref, t) = I(s; tref) - I(s; t).       (29) 

Accordingly, for the molecular intensity func-

tions we get (Fig. 5): 

sM(s; tref, t) =sM (s; tref) - sM(s; t), (30) 

 
Fig. 5. Difference molecular intensity functions sM(s; tref, t)  

calculated for the dissociation dynamics of the ICN randomly 

oriented molecules as a function of probe time in TRED using 

300 fs electron pulses. Diffraction intensities were calculated for 

the photodissociation the at ICN excitation from the ground state 

to the dissociative state (Eqn. 19) 

Рис. 5. Разностные кривые интенсивности молекулярного 

рассеяния sM(s; tref, t), рассчитанные для динамики диссоци-

ации произвольно ориентированных молекул   ICN, как 

функция от времени регистрации в TRED при использовании 

электронных импульсов длительностью в 300 фс. Интенсив-

ности рассеяния были рассчитаны для фотодиссоциации, 

когда  ICN возбуждается из основного в диссоциативное со-

стояние (19) 

 

Accordingly, for difference radial distribution 

curves ∆F(r; tref, t) in the space of interatomic dis-

tances r obtained by Fourier transform of the differ-

ence curves ∆sM(s; tref, t), Fig. 6. 

 

 

Fig. 6. Difference radial distribution curves ∆F(r; tref, t) calculated 

for the dissociation dynamics of the ICN randomly oriented mole-

cules as a function of probe time in TRED using 300 fs electron 

pulses. Diffraction intensities were calculated for the photodisso-

ciation at ICN excitation from the ground state to the dissociative 

state (Eqn. 19) 

Рис. 6. Разностные кривые радиального распределения ∆F(r; 

tref, t) рассчитанные для динамики диссоциации произвольно 

ориентированных молекул   ICN, как функция от времени 

регистрации в TRED при использовании электронных им-

пульсов длительностью в 300 фc. Интенсивности рассеяния 

были рассчитаны для фотодиссоциации, когда ICN возбужда-

ется из основного в диссоциативное состояние (19) 
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The calculation of the theoretical equivalent 

of time-dependent scattering intensity with the non-

equilibrium distribution in this system should be per-

formed using a cumulant representation of the scatter-

ing intensity (please, see e.g. monograph [11], part 1 

and 4]) and, for example, the stochastic approach to 

the analysis of the diffraction data, which has shown 

to be effective in TRED analysis of photodissociation 

of CS2 [53]. The difference method of TRED data 

analysis method has demonstrated its high efficiency 

(please, see, e.g. review article [52]). 

CONCLUSIONS 

Based on model calculations presented in this 

article we conclude that, by TRED method, time-

dependent coherent dissociation dynamics can in 

principle be resolved at a realistic time scale that sig-

nificantly shorter than the electron pulse duration of 

300 fs, which is achieved at present in a number of 

TRED experiments.  

The study also shows that TRED intensities 

can be readily calculated for dissociative processes, 

provided the APES is known. Because of this correla-

tion, if the TRED intensities are expressed directly in 

terms of the APES, solution of the inverse problem 

seems feasible, which provide information on coher-

ent structural dynamics of the transient state of the 

chemical reaction from TRED data. 
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