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Abstract

In the course of photo and radiation chemical processes, reactants are converted into products with the
possibility of various transition states and transient intermediates on the reaction pathway. The
properties of these transient intermediate species are central to the reaction and determine its rate,
selectivity and the course of the reaction. Lifetimes of these intermediates vary from a few tens of a
femtosecond to a few picoseconds. Development of high power femtosecond lasers has made possible
investigation of these processes in real time. Ultrafast transient absorption spectroscopic techniques
developed in our laboratory have enabled us to investigate the intra and intermolecular processes
undergone by the excited states and the other intermediate species produced following optical
excitation of a solute molecule in condensed phase with femtosecond time resolution. In this talk, we
discuss briefly the results of our studies on the excited state dynamics and photophysical and
photochemical processes in some model molecules in solution.

Introduction

EMTOSCIENCE IS THE BRANCH OF
Fscience, which uses the femtosecond lasers
as tools. This branch of science has been
developed only recently after the invention of
the high power femtosecond laser systems.

Now, the first question is: what is a
femtosecond? Technically, 1 femtosecond (fs) =

10-15 . However, for those, who have the
difficulties to visualize the shortness of this time
scale, to say non-technically, if light can travel
from here to the moon in 1 s, in 50 fs it can't
even travel the width of a human hair. The next
question is: What femtosecond lasers can
deliver? Combination of ‘mode-locking’ pulse
generation and ‘Chirped Pulse Amplification’
techniques have produced the shortest pulse of
0.65 fs duration, and the biggest pulse of
1015w or 1022 w/cm?2 of energy. These short
duration lasers have made possible applications
of femtosecond lasers in physics (for example,
ultrafast spectroscopy of materials, non-linear
optics, plasma physics and particle accelerators,
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are among a few of many applications), biology,
surgery, material processing, imaging (such as
multiphoton confocal imaging, optical coherence
tomography, T-ray imaging etc.) and in many
other fields of science and engineering.

However, our interest in femtosecond lasers has
been in investigation of molecular processes
with femtosecond time resolution. Exploring
phenomena on an ever-shorter time scale in the
race against time, femtosecond time resolution
is the ultimate achievement for studies of
fundamental dynamics of the chemical bond.
This field is known as ‘femtochemistry’.
Femtochemistry has become a well established
field of science and its importance has been
recognized by awarding the 1999 Nobel Prize to
Prof. Ahmed Zewail of the California Institute of
Technolgy, USA, who has pioneered this area of
research. The importance of femtochemistry is
evident from his own recognition: “....knowledge
of the mechanisms of chemical reactions is also
important for our ability to control the reactions.
A desired chemical reaction is often
accompanied by a series of unwanted,
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competing reactions that lead to a mixture of
products and hence the need for separation and
cleansing. If the reaction can be controlled by
initiating reactivity in selected bonds, this could
be avoided......”. We should also recognize the
important fact that many of the natural
processes take place with awesome rapidity and
often complete within a few hundred
femtoseconds. For example, in vision process,
photoisomerization of retinal chromophore is
complete within 200 fs. In photosynthetic
reaction centre, electron moves about 20
angstrom distance in 3 ps.

Femtochemistry is concerned with the very act
of the molecular motions that brings about
chemistry. With femtosecond lasers, it is now
possible to record the snapshots of chemical
reactions with sub-angstrom resolution. A
chemical reaction can be reduced to a number
of elementary reactions

— breaking and forming

processes in real time, but also possible to
control them at one’s will.

Why femtosecond lasers have been considered
as attractive tools for studying dynamics of
chemical reactions? Of course, for high peak
power apart from short duration! Each laser
pulse of 50 fs duration and 1 miliJoule energy

dumps about 2 x 1012 W or 2 terawatt power
onto the material. This generates high nonlinear
effects in the material and makes possible to
generate laser beams of different colors from
the single source and these laser beams are
perfectly synchronized in time. Hence, it is
suitable for pump-probe experiment. During the
last few decades, the development of ultrafast
lasers has out-spaced the ability to create
detectors with comparable time resolution. This
mismatch has necessitated the development of
techniques based on two or more pulses with a
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which determines the
course of a reaction. It is
not only possible to
observe the molecular

Femtosecond spectroscopy — time-resolved absorption

Fig.1 Pump - probe spectroscopy
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time resolution that is limited only by the
duration of the laser pulses themselves. The
most common of these methods capable of
initiating a dynamic processes and interrogating
its time evolution is known as pump — probe.
This technique has been schematically presented
in Figure 1.

The pump pulse creates a large population of
excited states within short time duration and the
probe pulse monitors the evolution of excited
states with time delay between the two pulses.
Probing can be achieved by monitoring
absorption, laser induced fluorescence,
ionization, photoelectron detection, resonance
Raman etc. Changing the length of the path of
either of them by introducing a high precession
linear motion translation stage controls the delay
between the two pulses. Remembering the fact
that light travels only 1 micron distance in 3.3 fs,
the linear motion stage should have the
resolution of about 0.1 micron to achieve the
delay of a few femtosecond between the two
pulses. Figure 2 displays schematics of the laser
system used in our laboratory for tunable pump
- tunable probe transient  absorption
spectroscopy.

Femtosecond Visible- Infra red Transient Absorption Spectrophotometer

Rl e — T
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Dynamics of Chemical Bond-
Breaking Process in Solution

Two important and fundamental questions in
chemistry are: what is the time required to
break a chemical bond in a photo-dissociation
process and how the energy supplied to the
molecule is partitioned between the fragments
and the different kinds of motions of the
fragments, such as Kkinetic, rotational and
vibrational? Here, we discuss an example of the
laser induced bond-breaking process — the
photodissociation dynamics of mercuric iodide
(Hgl,) in ethanol solution (eq. 1).

Hgl, —30M s Hgl™ — Hgl* + 1., @

When Hgl, is excited by 330 nm light to one of
its dissociative higher electronic excited state
(Hgl*), the molecule is dissociated into the
fragments, vibrationally hot Hgl (Hgl”) and 1. In
this process, the Hgl” fragment is produced in
the ground electronic state (X* ™), but with a
large amount of excess vibrational energy. The
iodine atom is produced in the ground electronic
state. The excess vibrational energy in Hgl” is
subsequently dissipated to
the surrounding solvent bath
by external vibrational
relaxation (EVR) or
vibrational cooling process.
Using the transient
absorption technique we
have been able to follow-up
the dynamics of the bond
breaking and energy flow
process in the
photodissociation reaction of

Sync.
Pum p Electronics
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Fig.2 Laser system for tunable pump and tunable probe transient absorption

spectroscopy

Amplifierl probe

Hgl, in ethanol solution. In
our experiment, we have
used 330 nm pump and
pulses in the
wavelength range 330 to 700
nm, both the laser pulses
having 50 fs duration.
However, to be brief, we will
discuss only the results
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obtained from the experiments using 330 nm
pump and 660 nm probe pulses, which we will
designate as 330/660 experiments, respectively,
to explain the photodissociation and energy flow
dynamics in the said process.

Let us make a simple calculation to illustrate the
fact that the photodissociation process is really
very fast and have a rough estimate of the time
taken to break the I-Hgl bond in the
photodissociation process. The excitation energy
due to a single photon of 330 nm wavelength is
33,303 cm™ and the energy required to
photodissociate the I-Hgl bond is 21,000 cm™.
Hence the energy of recoil with which the
fragments are moving away from each other is
9303 cm™. Hence the velocity of the fragments
with which they are getting separated is, v =
(2Erecoi/ V)= 2 Km/sec where p is the reduced
mass of the separated fragments. If the bond is
said to have broken, when the fragments travel
away by about 5A or 5 x 10™® Km apart from
each other, the bond dissociation time is
calculated to be about 250 fs.

transition

Fig.3 PES diagram for Hgl, photodissociation
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Fig. 4 Temporal profiles for 330/660 experiment on
Hgl> photodissociation reaction

The potential energy surface (PES) diagram for
I—Hgl bond dissociation dynamics has been
depicted in Figure 3. Hgl, molecule is excited by
a 330 nm photon onto a dissociative surface.
While traveling on this surface, the molecule
undergoes dissociation process completed within
250 fs. The temporal dynamics of the transient
absorption recorded in the 330/660 experiment
due to photolysis of Hgl, in ethanol is shown in
Figure 4. One of the two most important and
interesting features of the temporal dynamics of
Hgl#, as shown in Figure 3b, is that the
absorption signal takes about 250 fs time to
attain maximum. This confirms the prediction
that the bond-dissociation takes about 250 fs to
be completed following excitation. Another
feature is an oscillatory component of the signal
superimposed on the decay of Hgl®. The
oscillatory component of the signal persists for a
few hundred fs. The total decay dynamics of




Hgl” has been modeled with the response
function,

OD(t) = A exp (-t/ta) cos (ot + m)
+ B exp (-t/tp) 2

A and B are amplitude factors, 1, the damping
time constant for the oscillation amplitude, ®
and & are frequency and phase of the oscillatory
component and tg is the population decay time
of the transient species. The best-fit parameters
obtained are: A/B = 1.71; 1, = 330 + 33 fs;
o/2nc = 89.5 + 15 cm™; 15 = 2.75 + 0.27 ps.
The temporal dynamics as shown in figure 3a is
fitted very well to a single exponential function
with lifetime of 2.72 + 0.2 ps. The oscillation of
the transient signal shown in Figure 3b arises
due to the fact that following photodissociation
of Hgl,, Hgl” is created in a coherent
superposition of vibrational states, which is
popularlry known as ‘wave packet. The wave
packet then oscillates between the classical
turning points of the potential energy surface of
the ground electronic state of the Hgl” species
causing the 660 nm absorption to be tuned in
and out of resonance between the ground
electronic state and one of its excited state
(Figure 5). Using the gas phase PES of Hgl, an
estimate of the energy content and distribution
in the diatomic photoproduct may be
ascertained. The fundamental frequency and
anharmonicity constant of the stretching
vibration, the only mode of Hg— I, are 126 and
1.3 cm™, respectively. Calculation shows that the
beats correspond to a vibrational frequency of ca
v = 15 and that the observed signal originates
mainly from a fragment which is born with ca
1700 cm™ of excess (mean) vibrational energy.
The remaining photolysis energy (ca 7600 cm™)
must then be distributed among the translational
and rotational motions of the fragments as well
as the associated solvent motions. The
frequency of the wave packet oscillations
represents the mean frequency of a distribution
of vibrational states determined by the initial
conditions. Finally, the overall signal decay with
lifetime tg, which is 2.7 ps, should be due to
solvent induced vibrational relaxation (EVR)
process undergone by Hgl”.
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The phase of the wave packet has been found to
be = radian. This result suggests that when
Hg—1 bond is compressed, the molecule does
not absorb at 660 nm. If the Hg — | bond in the
nascent product Hgl is compressed, such as
would occur in a dissociation reaction producing
I and Hgl from Hgl, through the asymmetric
stretching coordinate (Figure 2), the resulting
wave packet would not be detected until it
would move to the attractive turning point of the
ground state PES. Hence this would yield a
phase shift of = for the absorption signal, as
observed in Figure 5.

Wavepacket
oscillation

Vibrational
Cooling

Fig.5 Potential energy surface for Hgl

From this study, the following conclusions have
been drawn: In photolysis of Hgl, by 330 nm
laser pulses of 50 fs duration, Hgl is produced in
a coherent superposition of vibrational levels on
the ground electronic state. The mean excess
vibrational energy corresponds to about 1700
cm ™. This excess vibrational energy is
dissipated to the solvent with an average
lifetime of about 2.7 ps.

Ultrafast Dynamics of
Intramolecular Processes in the
Excited States of Some Model
Molecules in Condensed Phase
Recently, supramolecules (i.e. large size organic

molecules) are being used for various
applications, such as in photonics (e.g.
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molecular switches, optical data storage devices,
optoelectronic devices, sensors, light emitting
devices etc.), as well as in solar energy
conversion. The  photophysical  processes
responsible for the said actions may be
photoinduced electron transfer, proton transfer
and / or photoisomerization processes. However,
following optical excitation, such a large size
molecule in condensed phase, undergoes a
numerous number of intra and intermolecular
processes, including the desired one important
for the said action. Among them two of them are
the most important ones, in which the dynamics
of interaction of the solute with the surrounding
medium play a significant role in determining the
fate of the excited state of the solute and hence
the rates of photophysical and photochemical
processes undergone by it. These processes are:
energy exchange between the solute and the
molecules of the medium via vibrational
relaxation or, more specifically, vibrational
cooling and solvation of the excited state via
reorganization of the solvent molecules following
intramolecular charge separation in solution. All
these processes take place in ultrafast time scale
and affect the relaxation dynamics of the
electronically excited molecules in condensed
phase. We have chosen a few simple model
molecules to study the dynamics of these
processes, which control the course of the
reactions of the excited states in condensed
phase.

Conformational relaxation dynamics in the
excited state of Benzil

a-Diketones are structurally flexible with respect
to the dihedral angle, 6, between the two halves
of the molecule, due to low energy barrier. The
geometry of the molecule is the result of a
balance between the steric effects and
resonance stabilization. The later is maximized in
all-planar configurations. On the other hand, the
steric effects, which arise due to interactions
between the carbonyl oxygens and the
substituents on the ring atoms (in the case of
benzil, these are hydrogen atoms), particularly
in ortho positions with respect to the carbonyl

groups, never allow the planar configurations to
be the most stable ones. Hence, the molecule
attains different stable conformations in different
electronic states making a compromise between
these two factors. As a result, the excited
electronic states have very different geometries
than that in the ground state (Figure 6).

BENZIL e H
H

s-shewed

Excited states: trans

A

Fig.6 Structure of Benzil

The time resolved absorption spectra of the
transients produced due to photoexcitation of
benzil in acetonitrile solution by 310 nm laser
pulses are shown in Figure 7. In each solvent
the time resolved spectra show continuous
evolution upto about 200 ps. The transient
absorption in the region 540 — 580 nm decays
with the rates comparatively faster than that in
the bluer region and hence, the width of the
spectrum recorded at 200 ps becomes narrower
than the one recorded at 0.5 ps in the red
region. As a result the peaks of the transient
absorption spectra recorded at 200 ps appear at
about 527 nm. The decay characteristics of the
transient absorption in subpicosecond time
domain have been monitored at 570 nm, since
the change in absorbance with time has been
observed to be maximum at this wavelength.
The decay profile along with the fit function
obtained by iterative deconvolution analysis
using an instrument response function of sech?
functional form having ~0.5 ps FWHM are
presented in Figure 7. The inset of this figure,
which represents the early time (up to about
15 ps after photo-excitation) dynamics of the
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Fig. 7 Results of time resolved absorption study of Benzil and PES diagram for excited state relaxation dynamics

transient species, clearly reveas the non-single-
exponential nature of the decay dynamics. The
decay dynamics of the transient species have
been seen to fit reasonably well with a decay
function, which is a sum of at least three
exponential terms. Among the three lifetimes,
the longest-lived component (about a few
hundred picosecond), which represents the
residual absorption in this time domain, could be
assigned due to the S; state having trans planar
conformation. The component with the shortest
lifetime, 14, is assigned to the S; state of the cis-
skewed form of benzil. The second component
with the intermediate lifetime, 1,, could be
assigned to the S; state of the meta-stable
intermediate conformer. Hence, the change in
conformation from the cis-skewed form to the
more stable trans planar form in the S; state of
benzil is associated with crossings of two
consecutive energy barriers (Figure 7). The first

of the two barriers is due to change of
conformation from the cis-skewed to the meta-
stable intermediate conformer and the second
one is due to conversion of the later to the trans
planar form. The two-step relaxation process,
each one being associated with finite energy
barriers, leads to non-exponential absorption
decay kinetics. The rate of crossing of a
particular energy barrier during transformation
of one form to the other can be correlated with
the disappearance of the precursor species.
Since the conformational relaxation process
should involve the movement of bulky groups in
the molecule, say, the rotational motion of the
phenyl and the dicarbonyl groups as well as the
translational motion of the two phenyl groups,
the rate of barrier crossing dynamics is expected
to depend strongly on the viscosity of the
medium. The present study in different kinds of
solvents has clearly revealed two facts. One is
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the existence of at least one other intermediate
between the two well-known conformers,
cis-skewed and trans-planar,, and the other is
that the rates of conformational changes are
dependent not only on the viscosities but also
polarities of the solvents. In polar solvents, the
barrier height of the cis(int) to the trans form is
reduced significantly. Hence, it becomes evident
that in addition to solute - solvent frictional
interactions, the  solute-solvent  dielectric
interactions also play an important role in
activated barrier crossing dynamics for
conformational changes in the S; state of benzil.
The most obvious effect arising due to polarity is
'static’ and involves the solvation of the
reactants, products and transition states. Static
interactions modify the intramolecular potential
energy surfaces and influence the barrier
crossing flux. The solvent induced modification
of the barrier height overrides the viscous
reduction of the flux over the effective barrier.
The situation becomes more complicated by the
likelihood that the lowering of the barrier in
polar solvents is due largely to dynamic solvent
polarization, as the conformational changes
proceed such that the barrier crossing is actually
a time dependent quantity.

In conclusion, conformational relaxation
dynamics of benzil in the S; state from the cis-
skewed to the trans planar form has been
established to take place in two steps via the
formation of a meta-stable intermediate
conformer, the configuration of which probably
has the configuration very near to the cis-planar
form. The energy barrier for the first step, i.e.
conversion of cis-skewed to the meta-stable
intermediate is relatively smaller and barrier
crossing dynamics is controlled by ‘dynamic’ or
‘frictional’ interactions with the solvent and the
effect of ‘static’ interaction is not very
significant. The energy barrier for the second
step i.e. conversion of the meta-stable
conformer to that of trans planar one is
relatively higher and the barrier crossing
dynamics is mainly controlled by ‘static’ rather
than ‘dynamic’ interactions with the solvent.

Ultrafast relaxation dynamics in the
excited states of dimethylaminobenzo-
phenone (DMABP)

For several decades, steady state and time
resolved phosphorescence spectroscopy as well
as flash photolysis techniques have been used to
study the photophysical and photochemical
properties of the excited singlet and triplet
states of benzophenone (BP) and its numerous
kinds of derivatives by different groups.*™® Most
of these studies have been devoted to unravel
the intricacies of the mechanisms of
photoreduction reactions undergone by these
aromatic carbonyl compounds in presence of
hydrogen atom donors. The rate and efficiency
of this process have been shown to depend on
the nature of hydrogen atom donor as well as
the nature of the substituents on the aromatic
rings. Here we present our results of our
detailed studies on the photophysical properties
of  4-dimethylaminobenzophenone  (DMABP)
using femtosecond  transient  absorption
spectroscopic technique with a special attention
to the solvation and conformational relaxation
dynamics in the S; state of DMABP.

Geometry optimization for the ground state by
molecular mechanic calculation shows that the
dihedral angle between the two halves of the
DMABP molecule consisting of the phenyl and
the dimethylamino substituted phenyl groups
attached to the carbonyl group is about 54°.
Although we could not perform the geometry
optimization for the excited ICT state, the
geometry optimization for the ICT state formed
in the ground state indicate that, in this state,
the dihedral angle between the two phenyl
moieties of the molecule is about 90°, i.e. the
two halves are orthogonal to each other
(Figure 8).

Steady state absorption and fluorescence
spectroscopic studies of DMABP in different
kinds of solvents reveal significant number of
informations regarding the dynamics of
intramolecular motions in the excited state: 1. a
large shift of absorption in polar solvents,
indicating that the Franck-Condon state is an
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The dihedral angle between the two phenyl rings:
in the ground state: 60°; in the ICT state : 90°

Fig. 8 Structure of DMABP

Absorption spectra

Fluorescence Spectra

and the ground state has been
determined to be about 6.8 D.
This indicates the

unsymmetrically charge
distributed nr* (in non-polar
solvents), or the ICT (in polar
solvents) character of the S;
state.

We have studied the early time
dynamics of the photophysical

Fig. 9 Steady sate absorption and fluorescence spectra of DMABP

intramolecular charge transfer (ICT) state, 2.
large bathochromic shift of fluorescence,
indicating that solvation of the ICT state, 3.
exceptionally large Stokes shift indicates large
change in geometry during elaxation in the
excited state, 4. non-fluorescent in rigid
matrices, indicating that only the relaxed state is
emissive. The difference in dipole moments
between those of the fluorescing excited state
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processes of DMABP using 400
nm laser pulses of 50 fs
duration for excitation and
monitoring the transient
absorption profile in 470 -
1000 nm wavelength region
with about 120 fs time
resolution. The temporal
profiles have been recorded due to
photoexcitation of DMABP in acetonitrile at
different wavelengths in 20 nm intervals. A few
typical such temporal absorption profiles are
shown in Figure 10. The time resolved transient
absorption spectra have been constructed using
these transient absorption profiles and the same
in six time-windows have also been presented in
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Fig. 10 Results of time resolved absorption study of DHABP

Figure 10. The spectrum constructed for 0.2 ps
time-window consists only one major absorption
band in 600 — 800 nm wavelength region having
maximum at ca 670 nm. The transient
absorption monitored at different wavelengths in
this region grows with instrument limited rise
time and then decays in ultrafast time scale with
lifetime of about 0.15 + 0.05 ps. This is followed
by a further growth of absorption with a growth
lifetime of about 0.55 + 0.05 ps. The time-
resolved transient absorption spectra
constructed for the later time-windows reveal
the ultrafast decay of the band in 600 — 800 nm
region with the concomitant development of the
two absorption bands in 470 — 600 nm and 800
—1000 nm wavelength regions. The maximum
for the latter band is observed to appear at ca
950 nm at 0.4 ps. However, at later time-
windows, as the absorbance in this band
continues to increase up to 5 ps, the maximum
shifts gradually towards the shorter wavelength
region and the spectrum constructed at 5 ps
show the absorption maximum at ca 850 nm.
We also observe the growth of the band in 470
- 600 nm region. In 470 — 600 nm wavelength
region, we observe only the growth of the
transient absorption with growth lifetime of 0.4
+ 0.1 ps. However, the shape of the temporal
profiles in 800 — 1000 nm region is sensitive to

Time,ps

determined to be 160 ps. The
temporal absorption profiles at
longer wavelengths, e.g. at
900 nm and above, show a
single growth component. The
growth lifetime this component is wavelength
dependent. The growth lifetime increases as the
wavelength shifts to shorter wavelength in the
800 — 1000 nm absorption band. However, we
also observe the presence of an additional decay
component at 950 and 1000 nm following the
initial growth of the transient absorption

Following photo-excitation of DMABP, the FC
state or the locally excited (LE) state, in which
the two halves of the molecule have the initial
dihedral angle of about 54°, should undergo
twisting, to attain the more stable geometry with
the two halves orthogonally oriented with each
other. However, in polar solvents, the
surrounding solvent dipoles require
reorganization and reorientation around the
newly created polar S; state to attain a new
arrangement of solvent dipoles around it, which
is known as solvation. Hence, we expect to
observe mainly two kinds of relaxation processes
following photo-excitation of DMABP: (i)
solvation and population spreading in the excited
state and (ii) twisting of the phenyl groups. Both
of these two processes may be happening
simultaneously, immediately after the creation of
the excited state. However, in non-polar
solvents, solvation process takes a minor role in
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Fig. 11 Potential energy surface for relaxation of the S; state of dimethylaminobenzophenone
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the relaxation dynamics of the S; state. The
schematic potential energy surface diagram for
the relaxation dynamics of the S; state of the
DMABP molecule both in non-polar and polar
solvents has been presented in Figure 11. In this
Figure, we denote the conformationally
unrelaxed and relaxed singlet excited states as
S; and Sy, respectively.

Subpicosecond Pulse Radiolysis
Study

So far, our activities have been limited in
studying photoinduced chemical reactions in
ultrafast (pico and femtosecond) time domain.
Also we have been able to study radiation
induced chemical reactions in nanosecond tim
domain by wusing electron pulse radiolysis
technique. However, in the next Xth Five year
plan profect, we have taken up the task of
building a /aser diven sub-picosecond electron
accelerator (schematic diagram of the set up is
shown in figure 12) to study the short-lived
transient intermediate species produced in high
energy radiation induced chemical reactions with
pico (1012 sec) and sub-picosecond (<10-12
sec) time resolution. We like to investigate the
following aspects of radiation induced chemical
processes using this set-up: a. solvation of
excess electrons in polar liquids, b. radiation
induced processes in solutes with high
concentrations, such as Nuclear Waste, electron
mobility in liquids, solids and dense gases,
d. slowing down of electrons in spur and
electron — cation recombination, e. mechanism
of hydrogen generation in LOCA condition,

Epilogue

Over the years we have developed the transient
absorption spectroscopic techniques to study the
ultrafast dynamics of molecular processes. We
have chosen simple model molecules to
understand the dynamics of electron or charge

transfer, proton transfer, solvation and
conformational relaxation processes. These
informations should be useful to design
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molecular systems, which will be suitable for
applications in photonics and solar energy
conversion.
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Remote Repairs of Helium Cover Gas Pipe
Flange Joints in CIRUS Pile Block

Anil Bhatnagar and A.V. Kharpate
Reactor Group
Bhabha Atomic Research Centre

Summary
C IRUS IS A 40 MW(TH) HEAVY WATER

moderated, light water cooled and natural

uranium fuelled research reactor. In order
to maintain the purity of heavy water, helium
gas is used as cover gas for the heavy water
moderator. The helium gas is maintained at a
constant pressure of 12” water gauge in the
system using a floating shell type gas holder.
Normally the helium loss from the system
through various pipe joints, through sampling
and other day-to-day operations varies from 8 to
10 cuft/day. Helium loss from the system
remained steady till year 1990 but gradually
increased to 70 cuft/day till year 1996 and then
to almost 160 cuft/day in the year 1997. This
helium loss further increased to 200 cuft/day
after Cirus was shut down for refurbishment in
October 1997. This paper gives the details of
how the helium leaks were located in Cirus, the
design and development effort involved, mock
up trials conducted and the remote repairs
carried out to reduce the helium loss from the
system.

Detection of Leak Location

The detection of leaky locations in helium cover
gas system of Cirus was an involved job
requiring detailed planning and meticulous site
coordination. A step-by-step approach was
adopted to locate the leak by sectional isolation
of the piping system and pressure testing of
each isolated pipe section. This method of pipe
testing led to the conclusion that the non-
isolable region of the helium piping system,
which also included the reactor vessel, was the

Founder's Day Special Issue

main source of leakage. Further testing by soap
bubble method was carried out on all the helium
system pipelines, which could be approached
without any site constraints. In addition, helium
sniffing using a special sampler and the Veeco
MS-17 equipment was carried out above and
below the reactor vessel through lattice tube
holes to detect any helium leak from reactor
vessel and/ or helium piping connected to
reactor vessel. Helium sniffing clearly indicated
that helium gas was leaking heavily in the 8”
gap between the top biological shield and steel
thermal shield where eight helium pipe flange
joints are located at a depth of 14’ from top of
the reactor (Fig.1). Further local helium sniffing
was carried out around each pipe flange joint
and high concentration of helium gas was
noticed around these flange joints. These
tongue and groove (T&G) type flange joints
connect the 2”dia aluminium riser pipes from
reactor vessel to the S.S. piping of helium
system using Buna —N rubber gaskets (Fig.2 &
3). Out of the eight such pipe flange joints, four
pipe joints are connected to a semicircular 3”dia
S.S pipe header whereas three pipe joints are
connected to another 3”dia. S.S. pipe header.
Both these 3"dia S.S. pipe headers are
individually embedded in the side concrete
biological shield. The remaining one 2"dia
aluminium pipe is connected to a 1"dia. S.S pipe
thorough flange joint and this pipe also enter
the side concrete biological shield (Fig.4).

Selection Basis of Repair Technique

All these eight number of leaking flange joints
above the reactor vessel are located deep inside
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the reactor structure and cannot be approached
directly unless the massive radioactive structural
components above the top steel thermal shield
are dismantled and removed. The following
repair methods were considered:

(A) Remove all the reactor components above
the leaky flange joints, replace all eight
numbers of leaky flange gaskets and
install back all the components.

(B) Remotely repair all the eight number of
leaky flange joints from top of reactor
without any removal of reactor
components.

As far as established maintenance practices are
concerned, reactor structure dismantling was the
right method (Method A) because all the leaking
gaskets could be physically approached and
replaced to ensure a leak tight joint. However,
dismantling of reactor structure and other
components was a massive and complex job,
involving dismantling, handling and storage of
large radio-active and contaminated components
like:

(i)  High pressure and High temperature water
loop test section used for testing of power
reactor fuel.

(i)  Reactor Coolant pipe lines.

(iii)  20”dia Primary coolant inlet header with
its 17 cross-headers.

(iv) 200 number of primary coolant inlet valves
called Trunnion valves.

(v) 4 inch thick and 13 feet dia support plate
called master plate.

(vi) Four numbers of concrete biological
shields each 13 feet in dia and each
weighing about 20 Tons.

Repairs by method (A) involved working in a
highly contaminated and radio active area during
removal of radio-active components resulting in
high man-rem consumption. Also there were
apprehensions that after 40 years of reactor
operation various dowels and dowel holes of 4
numbers of 20 Ton biological shields must have
got corroded and jammed thereby making their
dismantling a very difficult proposition. In
addition jamming of some of the corroded

Founder's Day Special Issue

BARC Newsletter

components could lead to their breakage while
dismantling, which could create difficulties in
their reinstallation. Further, each biological
shield has nearly 300 lattice holes for
lowering/raising of fuel and other irradiation
assemblies. These lattice holes are to be aligned
very accurately during reinstallation. Any
misalignment during reinstallation could render
some pile positions unusable, as was the
experience at NRX reactor in Canada.

Hence repair of all the above joints by method
(A) with many site constraints and with
possibility of breakage of any 40 years old
radioactive component while dismantling could
result in enormous time delays, thus affecting
re-commissioning of the reactor. It was,
therefore, decided that remote repairs to the
tongue and groove joints by method (B) should
be attempted.

Design & Development of Remote
Repair Technique

Following site constraints were faced while
developing the remote repair technique:

(i) All the operations were to be performed
from a distance of 14'.

(i) Vertical gap available around the flanges
was only 8”. Hence all tool heads had to be
less than 8”in length.

(iii) Lattice holes near the leaky 6”0OD flange
joints were of 2%i”dia only. The 6”dia
central hole was nearly 5’away.

(iv) Dimensions of all the eight flange joints
varied significantly from each other.

(v) Amount of tightening was to be controlled
strictly.

Various alternatives that were considered for
remote repairs of the leaky T& G flange joints
were as follows:

(a) Tightening of the bolts on the T&G flange
joints:
A preliminary design of the tool to be
remotely operated from the nearest
available lattice position was conceived. As
there were four bolts on each T&G flange
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(b)

(©)
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joint and as two of these bolts were more
than 8” away from the nearest available
lattice position, it was felt that designing
the tool to provide enough torque
transmission for tightening the bolts would
be difficult and this alternative was not
pursued.

Use of shape memory alloy in a sealing
gadget:

This alternative was reviewed with
Metallurgy Division. However, during site
measurements it was found that the
various dimensions of the T&G flanges
varied significantly from one T&G joint to
other. Further there was severe limitation
on the amount of compression to be
provided to T&G flanges to avoid undue
stress on the reactor vessel and piping. In
view of the above, this alternative was also
not pursued.

Remote tightening of a split sealing clamps
around the T&G joint flanges:

This alternative was finally selected for
implementation. The detailed design,
development, fabrication and mock-up
work carried out on this alternative is
described below:

An important observation made during
reactor operation was that whenever the
reactor was in operation, the helium leak
reduced to almost half its value as
compared to reactor shut down. This
indicated that thermal expansion of pipes
during reactor operation brings the T&G
flanges close together and makes the joint
relatively more leak tight. This also
indicated that Buna-N gaskets in T&G joints
were still flexible and continued to retain
sealing  properties. Based on this
observation, it was felt that if the T&G
flanges could be remotely tightened, it
might help in arresting the leak with the old
Buna-N gasket itself. Towards this, a
special split sealing clamp (SSC) (Fig.5) of
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innovative design was developed. The
special split clamp has tapering surface on
the 1.D so that when the clamp is tightened
over the flanges of the T&G joint, it pushes
the T&G flanges closer to each other to
compress the Buna-N gasket thus resulting
in a good sealing. This clamp was tested on
a mock-up station and it could arrest air
leak at 20 psig. In the mock-up station very
old, broken (in 3 pieces) and irradiated
gaskets were also tested and the leak could
be easily stopped with less than 5 ft-lb
torque applied by clamp tightening. Hence
it was decided to develop a remote repair
procedure using split sealing clamp. For
approach to the leaky flange joints, the
largest lattice tube was of 6”dia only and
the clamp was bigger in size. Hence the
clamp had to be fabricated as a split clamp.

A

| 1

Fig.5 Split sealing clamp

Major Operations Involved in
Remote Repair of T&G Flanges

Following were the major operations to be
conducted during remote repairs:

0]

(i)

Lowering of split sealing clamp through pile
lattice hole up to the 8” gap on top of steel
thermal shield.

Horizontal shifting of the clamps up to T&G
flange location and fixing the clamp around
the leaky flange.
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(iii) Remote tightening of the clamps on to each
of 8 nos. of T&G flange joints.

The leaky T&G flanges joints are 6”in O.D and
are located nearly 5’away from the 6”dia central
lattice tube, which is the only largest dia tube
through which the split clamp can be lowered.
This constraint required horizontal shifting of
each clamp to the T&G flange locations. Also the
nearest pile hole of 2 ¥4” 1.D is about 6”away
and the 4”dia. hole is about 2'6”away from the
T&G joints for any approach for remote repair of
the leaky flanges. (Fig.4).

Mock-up Station

In order to develop various tools for remote
repair, to calibrate the tools, to establish
procedures and train personnel for carrying out
the work at site remotely, a full scale mock up
station simulating the top portion of the reactor
structure including the lattice tubes was erected.

- Fig. 6 Clamp fixed around leaky flange

Also one 3"dia semi circular header with two
adjacent 2"dia elbows each having a T&G flange
joint similar to the one in pile was erected at the
mock up station at a depth of about 14’ from top
of the station. Six nylon ropes of adequate
strength were used for vertical lowering,
horizontal shifting and fixing of the split sealing
clamps around the leaky T&G flange joints. Four
of the six nylon ropes were lowered from
suitably selected simulated pile lattice holes
around the leaky T&G flange into the 8”gap,
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horizontally shifted in the 8"gap up to the
central 6" dia lattice hole and brought through
the 6”dia hole up to the top of master plate.
These nylon ropes were tied to the hooks
provided on the split sealing clamps and the
clamps were vertically lowered through 6”pile
hole up to 8”gap. These nylon ropes were used
for horizontal and vertical manoeuvring of the
sealing clamps in the 8” gap and to fix them on
the leaky flange joints. For lowering the sealing
clamp, manoeuvring and retrieving it, if
required, one nylon rope was tied to the swing
bolt of the sealing clamp (Fig.6).

Tightening Tool

A tightening tool having a box spanner adapter
for the hexagonal tapered spindle on the clamp
was designed. This tool was provided with a
universal joint for easy alignment of the adaptor
with the tightening spindle and a spring loaded
telescopic tube arrangement for catering to
away movement of the spindle along with the
nut during tightening. Power transmission was
to be done through a pair of bevel gears
attached to the tool. The tool was so designed
that it could be lowered vertically through a
24 lattice tube and the bevel gears could be
engaged by lifting the hinged lower portion of
tool to make it horizontal. Tightening heads of
different lengths were made for attachment to
the tool to permit approach to the clamp from
various lattice positions.

Gauging Tool

For finalizing various dimensions of the split
clamps, site measurements were taken remotely
on all the eight T&G flange joints. A gauging tool
was designed and fabricated and separate
attachments were made to measure the
following site dimensions from a distance of 14':

(i) Total thickness of the T&G flange joint

(i) Gap between the upper and lower flanges
of the joint

(iii) Gap between the top of steel thermal shield
and the bottom of bottom flange.
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These dimensions were incorporated in the
mock up station for conducting the mock up
trials and clamp calibration.

Mock-up Trials

Extensive trials for vertical lowering, horizontal
shifting and fixing of the split sealing clamp on
the tongue and groove flange joint were carried
out at the mock up station after installing two
video cameras in the 8” gap at a depth of 14’
below the top platform and the whole operation
was carried out by remote viewing in the video
monitors kept on the top platform of mock up
station. Special light assemblies were also
fabricated and lowered into the 8” gap for
proper illumination & viewing. The piping system
of mock up station was pressurized with helium
to 24”wg i.e. double the reactor helium system
pressure and after remote clamping, the joints
were checked to be leak free by helium leak
testing.

Retrieval of the installed and tightened clamp
was also successfully carried out a number of
times during mock up trials to meet the
eventuality of any rope failure or need to
remove clamp for malfunctioning or for any
other reason. Suitable ball rollers provided at the
bottom of the split sealing clamp ensured that
the force required to pull the ropes while
horizontal sliding the clamp in the 8” gap from
central 6” location to leaky flange T&G joint was
less. All the operations and procedures
established were checked by the Quality
Assurance personnel at the mock up station for
approval.

Calibration of Mock-up Station

As the tightening of the split clamps was to be
limited in each step, each split clamp was
calibrated at mock-up station after adjusting the
flange joint at mock up station to suit that
particular T&G flange site condition. For each
number of turns of tightening nut, the flange
compression was measured using dial gauges. A
graph was plotted for number of turns of
tightening nut v/s. total compression of flange

joint. This graph was used for tightening of
clamps at site.

Stress Analysis of Piping System
due to Clamp Tightening

To measure the stresses developed in aluminium
pipes welded to top tube sheet of reactor vessel
during tightening of the clamp, the stresses on
aluminium pipe at mock up station were
measured by Reactor Safety Division, BARC
(RSD) during tightening of clamps using strain
gauges. The maximum stress measured was
found to be less than 50 kg/cm2, which was well
within the permissible limit. Further, it was
decided to carry out detailed stress analysis on
piping system in order to arrive at the maximum
permissible compression of the T&G flange joint
gasket and also to finalise optimum sequence of
flange tightening to minimize the stresses on the
pipes/weld joints during tightening.

Tensile properties of irradiated aluminium were
earlier measured during ageing studies carried
out on reactor vessel. In analysis carried out by
RSD no credit was taken for increase in Yield
strength and Ultimate tensile strength values
due to irradiation. Further, to take care of loss of
ductility due to irradiation, the allowable stress
was lowered by 25% of that of the irradiated
aluminium material.

In order to measure various parameters of
irradiated gaskets, Buna — N rubber sheets were
procured and irradiated to the estimated total
dose received by the T&G joint gaskets. These
irradiated gaskets were then compression tested
and the test parameters measured were used in
the analysis.

A detailed stress analysis by CAESAR-II
computer programme was carried out by RSD on
the 3” header having four tongue and groove
flange joints using the above data, as this
combination was subjected to the most severe
stress conditions as compared to other piping
combinations. The analysis indicated that the
T&G flanges joints could be safely compressed
up to 0.8 mm on a newly made flange joint.
Assuming a normal initial compression of 0.4
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mm to achieve flange tightening, as confirmed
during various mockup trials, an additional
compression of 0.4 mm could be given to all the
T&G flange joints on this header. Even for a
maximum gasket compression of 0.8 mm, the
maximum stresses were within 85% of the
allowable value in shear mode for irradiated
material.

Similar stress analysis was carried out on the
second piping system and the maximum
permitted compression was also limited to 0.8
mm and stresses were calculated to be within
permissible limits.

Total compression was provided in steps to all
the flange joints to ensure uniform tightening
thereby reduced stresses on the piping system.
It was seen that the stresses increased when
only one flange joint was compressed. However
once the uniform compression was given to all
flanges on the header, the stress values dropped
significantly. Therefore, it was also decided that
the compression would be given to the flanges
in sequential steps.

The  sequence of flange
tightening was finalized such
that the stresses remained at
the minimum possible value.

Site Measurements

Site  measurements for total
thickness of T&G flange joints in
pile were taken at three
locations 90 deg. apart using the
gauging tool. The values varied
between 43.5 and 45.4 mm as
against the drawing dimension
of 44.45 mm with no gasket
tightening.

Site  measurement of gap
between the top of steel thermal
shield and lower flange of the T
& G flange joint was also done.
The distance varied between
299 mm and 34.1 mm as
against the drawing dimensions

NYLON STRINGS

of 25 mm necessitating major changes in one of
the split clamps.

Site measurement of gap between the top and
bottom flanges of the T&G flange joint was also
carried out. The readings varied from 2.15 to 3.7
mm. The above two measurements were also
carried out at 3 locations 90 deg. apart.

Split Sealing Clamp Lowering and
Fixing at Site

For lowering and installing the split sealing
clamp around the T&G flange joints, four nylon
ropes were lowered from predetermined
positions around the flange joints, as per
approved procedure established at the mock up
station. These ropes were turned around the
flange joint in counter clock-wise direction and
horizontally shifted in the 8” gap to bring them
near 6”dia central lattice hole position and were
then brought up to top of pile. These ropes were
tied to the clamps at hooks provided on it. Two
more ropes were tied to the clamp swing bolt
and the locking lever for clamp retrieval if
required.

SPLIT SEALING CLAMP

LEAKY FLANGE JOINT

£ -1

e § 200 mm
GAP

Fiq.7 Clamp being manoeuvred around T & G flange joint
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Clamp was then lowered through the central
lattice hole in the 8” gap, horizontally slid to the
flange joint and fixed around the flange joint as
per approved procedure (Fig.7). All the
remaining seven clamps were likewise lowered
and fixed around the flange joints.

HELIUM HEADER (S.8.) ,:' : :,, §
HELIUM PIPE(S.S) y \ﬁ
TIGHTENING X Alf/
ROD e / N
GEAR A 2 244

NUT

EXISTING FLANGE
BOLTS

SPLIT SEALING
CLAMP

CLAMP

SCREW

HELIUM PIPE o ;

FLANGES(S.S.) HELIUM PIPE (AL)
i

BALLS FOR CLAMP &5 REACTOR VESSEL

ROLLING ToP

GASKET '

Fig.8 Clamp being tightened with tightening tool

TIGHTENING
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Tightening of the Split Sealing

Clamp at Site

For tightening of split sealing clamp on flange

joint, tightening tool was lowered from nearby

suitable 2Y¥4"dia lattice position and clamp
tightening was carried out as per the
approved procedure (Fig.8).
Tightening was similarly carried out
on the rem