







































































































































































o-amino  radicals or selenyl radicals is
disadvantageous in their antioxidant action as such
radicals can become source of peroxyl radicals
under aerobic conditions. Formation of peroxyl
radicals can increase oxidative stress in cells.
Further, due to high propensity of the radical cation
to form stable selenoxide, makes organoselenium
compounds better antioxidants or radioprotectors
than sulfur compounds.
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Introduction:

Intergranular Stress Corrosion Cracking (IGSCC) of
austenitic Stainless Steel (SS) and nickel based alloy
components in Light Water Reactors (LWR) has
been a serious issue affecting the safety, availability
and cost of operation nuclear power plants and is
generic in nature. Initial cracking incidences were
attributed to weld induced sensitisation and Low
Temperature  Sensitisation (LTS) which was
mitigated by the use of molybdenum and nitrogen
containing nuclear grade SS (type 316NG). Non-
sensitised grades of SS have also shown IGSCC in
LWR environment which is attributed to strain
hardening due to weld shrinkage of constrained
welds. It is reported that abusive surface preparation
leads to a surface deformed layer, scratch or local
deformation, which aids in IGSCC initiation in
LWRs [1-2]. Low Temperature Embrittlement
(LTE) in type 316NG welds (delta ferrite in welds is
richer in chromium and molybdenum) is a probable
life limiting factor in future reactors with long
design life of up to 100 years [3-5]. Problems due to
LTE are expected to be less in type 304L/LN
stainless steel making it suitable for use in reactors
with long design life and also for the extended use
of existing reactors [3, 5].

Nitrogen is an important alloying addition in the
austenitic SS used in LWRs and it has a potential to
affect the IGSCC susceptibility in LWR conditions.
Study of the effect of nitrogen in SS, on the Crack
Growth Rate (CGR) due to IGSCC in simulated
LWR environment is pertinent as scant literature is
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available in this regard. This was the motivation for
the present investigation and the results have
significance to the future indigenous LWR/AHWR.

Experimental:

Material condition and specimens

Two heats of type 304LN stainless steels were used
in this study with different levels of nitrogen, 0.08
and 0.16 wt%, referred to as SS 304LN1 and SS
304LN2, respectively. Both the stainless steels were
used in heavily sensitised condition (675 °C for 24
hours, degree of sensitisation (DOS) measured by
Double Loop Electrochemical Potentiodynamic
Reactivation (DL-EPR) technique [6]) and in non-
sensitised strain hardened condition for crack
growth rate (CGR) studies in simulated LWR
conditions. As both the SS are inherently resistant to
sensitisation, severe heat treatments will make the
effect of nitrogen on the susceptibility to IGSCC due
to sensitisation, apparent. Strain hardening of non-
sensitised plates of SS 304LN1 and SS 304LN2 was
done by cross-rolling at 200 °C to achieve 20%
thickness reduction. This was done to simulate the
actual material condition which undergoes cracking
in LWRs.

Both the SS in the strain-hardened non-sensitised
condition (warm rolled) and after sensitisation
(675°C, 24 hours) were used for the crack growth
experiment in the experimental High Temperature
High Pressure (HTHP) high purity water
recirculation loop simulating an operating LWR
environment, using 0.5T-C(T) samples. For the




rolled plates, specimens were fabricated from the
mid-thickness of the plates to ensure uniform strain
in the samples. The 0.5T-CT specimens, in the final
material condition were fatigue precracked in air by
applying a sinusoidal loading to an initial a/W of
0.45 [6]. Side grooving was done after fatigue
precracking to obtain a total thickness reduction of
10 % (5 % thickness reduction on each side).

Crack growth rate experiments in HTHP
experimental loop

Fatigue precracked C(T) specimens were used for
the CGR experiments in the HTHP loop in
demineralised water (outlet conductivity <0.1 uS/cm
at 25 °C) at 288 °C, 10 MPa, at three levels of
Dissolved Oxygen (DO), <10 (deaerated), 260 and
760 ppb (by weight). Figure 1(a) shows the
photograph of the HTHP loop and the flow diagram
is shown in the schematic in figure 1(b). After
loading the specimen in the autoclave, fatigue
precracking was done again in HTHP water at the
test temperature and pressure. Subsequently a
trapezoidal loading was applied for the IGSCC
experiments [6-8]. All the CGR experiments were
done within a stress intensity factor range of 30-40
MPavm.

The loop contains a 200 litre capacity water storage
tank which stores demineralised water (no chemical
addition) of desired level of DO. A water
recirculation pump circulates water in the low
pressure side for achieving the desired DO and
maintaining high purity. A reciprocating pump with
pulsation dampener and a back pressure regulator is
used for maintaining pressure in the high pressure
section (maximum flow rate - 24 I/h). There is a 4
litre capacity autoclave made of type 316L stainless
steel (effective volume 2.5 litres) in the high
pressure side with a pressure balanced external
Ag/AgCl reference electrode, platinum redox
electrode and platinum counter electrode for
electrochemical measurements. The electrode is
designed to withstand maximum temperature of 300
°C and maximum pressure of 180 bar. There is a
load cell of capacity 30 kN attached to the autoclave
and a stepper motor with which very low strain rates
can be applied on the specimens inside the autoclave
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in HTHP water. Reversible Direct Current Potential
Drop (DCPD) technique with a resolution of 8 um
was used for crack length monitoring in HTHP
water. The purity of the water is maintained by
continuously passing it through a mixed bed ion
exchanger. The water chemistry (DO and
conductivity only, no chemical addition) of either
the water in the tank or the water coming out from
the autoclave can be monitored at a time. There is an
automatic control of the DO content in the water.
All the wetted parts in the HTHP loop are made of
type 316L stainless steel. All the relevant test
parameters and the data are continuously monitored
using a computer.

(b)
Fig. 1: a) Photograph showing the experimental
HTHP high purity water recirculation loop used for
simulating LWR water chemistry and b) flow diagram
for the HTHP water recirculation loop [6].

Crack length monitoring in HTHP water

DCPD wire (pure nickel wire having sleeves)
connections were made to the C(T) specimens by
spot welding using a tungsten inert gas welding
machine and the specimens were immediately




dipped in cold water after welding to prevent any
overheating of the specimens. A reference sample
was used for the DCPD measurements which was
another C(T) specimen of the same dimensions and
not subjected to any loading. This reference sample
was attached electrically in series to the test
specimen. A current of 10 A was passed through
both the reference and the test specimen and the
DCPD signal was recorded for both the specimen
(Vs) and the reference sample (Vygf). The initial
values of the PD signal from the specimen (Vi)
corresponding to the initial crack length (a;) after
fatigue precracking in air at the maximum load and
the reference (Vi) were noted at the test
temperature and pressure. The PD from the
reference was used for normalizing the PD signal
from the specimen. This was done to eliminate any
spurious DCPD signal due to variation in any of the
operational conditions. The crack length (a) was
calculated from the DCPD signal using equation 1
[6]. This equation assumes a linear variation in the
PD signal with the crack length.

ai [ V. Vsi
a=—‘( S),K=i ............. 1)
K Vref Vref,i

(TEM)

Transmission  electron
examination

TEM examination was done of the SS in the warm
rolled condition using JEOL 2000 FX microscope.
A number of TEM micrographs and selected area

diffraction patterns were recorded for analysis.

Microscopic

Results and discussion:

Sensitised SS

Studies revealed that SS 304LN2 (0.16% N) was
more resistant to sensitisation as compared to SS
304LN1 (0.08% N). Comparison of Double Loop
Electrochemical Potentiodynamic Reactivation (DL-
EPR) values of these two grades of SS indicated the
beneficial effects of reducing carbon levels and
addition of nitrogen on resistance to sensitisation.
The measured DL-EPR values were 22.5 (0.04
before heat treatment) for SS 304LN1 and 8.9 (0.07
before heat treatment) for SS 304LN2 [7]. The
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objective was to establish the nitrogen levels in type
304L stainless steel which would impart resistance
to sensitization to an extent that it has low CGR in
LWR environment and the sensitisation levels too
remain low. This would allow use of a SS that has
sufficiently low DOS and also resist LTE.

CGR test results indicated that both the grades of SS
in the sensitized (675 °C, 24 h) condition were
susceptible to IGSCC at DO levels of 760, 260 and
< 10 ppb. The CGR values did not vary much with
reduction in the DO from 760 ppb to 260 ppb. This
was attributed to the measured nominal change in
the Electrochemical Pottential (ECP) (the main
crack driving force) value by 55 mV only, on
reducing the DO level from 760 ppb to 260 ppb.
Substantial reduction in the CGR values was
observed on reducing the DO levels to <10 ppb due
to a reduction in the ECP value by 629 mV. The
CGR values were higher by an order of magnitude
in sensitized SS 304LN1 as compared to sensitized
SS 304LN2 at all the three DO levels used in the
test. This behaviour was attributed to the greater
coverage by the chromium depleted regions and
lower chromium levels in the depleted regions in SS
304LN1 as compared to SS 304LN2 [7]. Clear
intergranular (IG) fracture was observed in both the
SS. Figure 2(a) shows a typical plot showing crack
length variation with time recorded during the
experiment at different DO levels (and ECP), figure
2(b) summarises the effect of nitrogen in the SS and
the effect of DO on the CGR in sensitised SS in
HTHP water and figure 2(c) shows clear IG fracture
in sensitised SS 304LN2 [7].

Warm rolled non-sensitised SS

Detailed material characterisation indicated that
warm rolling did not induce any change in grain
shape and also suppressed martensite formation [6].
This indicated that warm rolling of the plates
successfully simulated the actual strain hardened
regions adjacent to the weld which is susceptible to
IGSCC in LWR conditions. Fatigue precracked
C(T) specimens were used for CGR studies and the
test conditions, loading schedule and DO levels
were the same as that used for the sensitised SS.
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Fig. 2. CGR experiments in HTHP water (288 °C, 10
MPa, DM water) (a) variation in crack length with
time for sensitised SS 304LN1, b) IGSCC CGR for SS
304LN1 and SS 304LN2 (after a heavy sensitisation
heat treatment at 675 °C, 24h) as a function of DO
and c) clear IG fracture observed in both the SS in the
heavily sensitised condition [7].

CGR studies in HTHP water indicated that both the
grades of SS in the warm rolled condition were
susceptible to IGSCC in HTHP water and the CGR
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values measured were in the same range as those
reported earlier for other grades of SS [8]. Clear IG
fracture was observed in both the grades of SS in the

non-sensitised strain  hardened condition. The
variation in the CGR with the three DO levels
followed the same trend as observed in the
sensitised SS. However, the CGR increased by three
times in SS 304LN2 (0.16 wt% N) as compared to
SS 304LN1 (0.08 wt% N). This variation was
observed at all the three levels of DO. Figure 3(a)
summarises the effect of nitrogen in the SS and DO
on the CGR in HTHP water and figure 3(b) shows a
typical I1G fracture surface observed in SS 304LN2
in non-sensitised and strain-hardened condition [8].
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(b)

Fig. 3. a) IGSCC CGR for SS 304LN1 and SS 304LN2
(in 20 % warm rolled condition) as a function of DO
in high temperature (288 °C) high pressure (10 MPa)
pure water and b) predominant IG fracture in the
strain hardened and non-sensitised SS 304 LN2 [8].
Mechanism of IGSCC




The present work clearly illustrates the effect of
nitrogen on the IGSCC behaviour of SS in simulated
LWR environment in both sensitised and non-
sensitised (and strain-hardened) conditions. Results
clearly indicate that nitrogen addition of 0.16 wt%
to type 304L stainless steel improved its resistance
to sensitization induced IGSCC in simulated LWR
environment. However, the susceptibility to IGSCC
in  strain-hardened  (non-sensitized)  condition
increased in SS containing 0.16 wt% nitrogen. In the
heavily sensitised condition, the CGR in SS 304LN2
was lower than that in SS 304LN1 and this was
attributed to differences in the pre-existing active
path at chromium depleted regions at the grain
boundary [7].

However, nitrogen level of 0.16 wt% is deleterious
in comparison to 0.08 wt% in HTHP water for the
SS in the non-sensitised, strain-hardened condition.
The reason for this has been explained by the TEM
study which revealed formation of twins and shear
bands due to warm rolling and its intersection with
grain boundaries as shown in figure 4 [9-12]. Twins
and shear bands are linear features which terminate
at the grain boundaries. Hence, the grain boundary
prevents transmission of strain to the adjacent grain
and local stresses as well as strain are expected to
increase at the grain boundary. Figure 4 shows the
original position and the final position of the grain
boundary after intersection with twins/shear bands.
The extent of grain boundary step formation due to
intersection with twins and shear bands was
observed to be more in SS with higher level of
nitrogen and such increased localised stresses and
strains at the grain boundary are expected to make
these regions the preferred path for crack growth in
HTHP water. These steps at the grain boundaries
were also visible in the 1G fracture surface as shown
in figure 5. The distance between the steps seen on
the fracture surface (figure 5) correlate well with the
distance between the steps marked in fig. 4(a).
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(b)
Fig. 4. Bright field image of SS 304 LN1 in the WR
condition, a) steps observed where twins intersect with
the grain boundary and a schematic showing the
approximate distance between the steps measured, b)
the region encircled in a) at a higher magnification
and a schematic explaining the ledge formation

. [9].
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Fig. 5. Fracture surface of SS304LN1 showing clear
IG fracture and the steps formed at the grain
boundaries (black arrows) are marked. The distance
between the steps seen on the fracture surface
correlate well with the distance between the steps
marked in fig. 4(a) [9].




Conclusions:

Based on this investigation the following

conclusions can be made:

i) SCC experiments in HTHP water for SS
304LN1 and SS 304LN2 indicated that both the
SS after a severe sensitization heat treatment or
after warm rolling (simulating constrained
weldment conditions) are susceptible to IGSCC
at DO levels of 760, 260 and < 10 ppb.

i) CGR values did not vary much with reduction in
the DO from 760 ppb to 260 ppb for both the
material conditions. This was attributed to the
measured nominal change in the ECP value
(crack driving force) on reducing the DO level.
Substantial reduction in the CGR values was
observed on reducing the DO levels to <10 ppb
due to a substantial reduction in the ECP value.

iii) The CGR values were higher by an order of
magnitude in sensitized SS 304LN1 as
compared to sensitized SS 304LN2 at the three
levels of DO used in the test. The greater
coverage of the chromium depleted regions and
lower chromium levels in the chromium
depleted regions (due to higher nitrogen
content) are the main reasons for enhanced CGR
in SS 304LN1 as compared to SS 304LN2.

iv) The CGR increased three times in the SS with
higher level of nitrogen (0.16 wt%). This effect
was observed at all the three levels of DO.
Based on TEM studies a mechanism was
proposed explaining the effect of nitrogen
content in SS on the CGR values in HTHP
water. Higher CGR in SS 304LN2 was
attributed to the accumulation of higher strain
and stresses at the grain boundary due to warm
rolling, as compared to SS 304LNL1.

Acknowledgements

The authors acknowledge the help provided by Dr.
G.K. Dey, Mr. Suman Neogi, Dr. Dinesh Srivastava,
Dr. Raghavendra Tewari for the TEM work and
subsequent analysis. The authors also acknowledge
with thanks the help provided by Mr. M.M. Hussain,
AFD, BARC for warm rolling of the plates.

BARC

References:

1) R.M. Horn, G.M. Gordon, F.P. Ford, R.L.
Cowan R L. Nucl. Engg. Des., 174 (1997) 313-
325.

2) P.L. Andresen, M.M. Morra, J. Nucl. Mater.,
383 (2008) 97-111.

3) V. Kain, K. Chandra, K.N. Adhe, P.K. De, J.
Nucl. Mater., 334 (2004) 115-132.

4) H. Abe H, Y. Watanabe, Metall. Mater. Trans.
A, 39 (2008) 1392-1398.

5) P. Auger, F. Danoix, A. Menand, S. Bonnet, J.
Bourgoin, M. Guttamann, Mater Sci Technol, 6
(1990) 301-313.

6) S. Roychowdhury, “Effect of nitrogen content in
austenitic stainless steels on intergranular stress
corrosion crack growth rate and mechanisms in
simulated BWR environment”, PhD thesis,
Indian Institute of Technology Bombay,
Mumbai, 2011.

7) S. Roychowdhury, V. Kain, R.C. Prasad, J.
Nucl. Mater., 410 (2011) 59-68.

8) S. Roychowdhury, V. Kain, M. Gupta, R.C.
Prasad, Corrosion Sci., 53 (2011) 1120-1129.

9) S. Roychowdhury, V. Kain, S. Neogy, D.
Srivastava, G.K. Dey, R.C. Prasad, Acta
Materialia, 60 (2012) 610-621.

10) S. Roychowdhury, V. Kain, R.C. Prasad, ‘Effect
of nitrogen addition in 304L stainless steel on
the IGSCC crack growth rate in simulated BWR
environment’,  Proceedings of the 15"
International Conference on Environmental
Degradation of Materials in Nuclear Power
Systems — Water Reactors, August 7-11, 2011:
Colorado Springs, CO, USA.

11) S. Roychowdhury, S. Neogy, M. Gupta, V.
Kain, D. Srivastava, G.K. Dey, R.C. Prasad,
‘Effect of test temperature and prior straining on
the deformation mode of austenitic stainless
steel during tensile testing’, Proceeding of the
2011 TMS Annual Meeting & Exhibition,
February 27 - March 3, 2011: San Diego, CA,
USA, Paper no.-0119.

12) S. Roychowdhury, V. Kain, M. Gupta, S.
Neogy, D. Srivastava, G.K. Dey, R.C. Prasad,
Mater. Sci. Forum, 702-703 (2012) 685-688.




Development of LOCA Qualified Absolute
Pressure Sensors for Nuclear Reactor

Applications

Partha Das, P. M. Geetha and P. R. Patil
Reactor Control Division

Partha Das is the recipient of the DAE Scientific & Technical Excellence
Award for the year 2015

Abstract

LOCA qualified absolute pressure sensors with remotely mounted electronics are developed for nuclear reactor
applications. The pressure sensor located inside the containment is connected to the electronics module located
outside the containment through long screened cable. During accident, only the pressure sensor will encounter
the accidental ambient conditions. The pressure sensors are designed to withstand and operate under the
atmosphere of steam water mixture at 180°C temperature, 10 bar pressure and high gamma radiation which may
arise during Loss of Coolant Accident (LOCA). The pressure sensors are developed to meet stringent
application requirements, high pressure, high temperature, nuclear radiation endurance, stringent environmental
qualification requirements, EMI/EMC, Shock and vibration qualification requirements. The salient features and
qualifications of indigenously developed LOCA qualified absolute pressure sensors are presented in this article.

Introduction

In nuclear power plant, for safety reasons, sensors
used for pressure measurement of reactor coolant
system (RCS) are located within the containment.
The pressure sensors which are located inside the
containment and used for actuation of reactor safety
systems should function during accident and
maintain their functionality after the accident to
ensure safety of the plant. During normal plant
operation, the temperature in the area of sensor
installation is 30°C — 40°C, whereas during LOCA,
these areas will encounter an atmosphere of steam
water mixture at very high temperature, high
pressure and high radiation.

Commercially available pressure transmitters
cannot fulfill these requirements as they fail to
perform under high temperature and high radiation
conditions. In that harsh condition, the pressure
transmitter fails mostly due to the failure of the
electronics which is housed in the same enclosure
along with the sensor. In view of the above, LOCA
qualified pressure sensors are indigenously
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developed with Bi-bloc structure. Here the pressure
sensing unit is designed to support remotely
mounted electronics converter (signal conditioning
electronics unit). It enables electronics module to

be brought out of containment to a conditioned
atmosphere and connected with the pressure
sensing unit mounted inside the containment
through long screened cable. The pressure sensors
which are to be mounted inside the containment
have been designed to withstand and operate under
the LOCA condition. Two types of LOCA qualified
absolute pressure sensors have been developed
based on two different operating principles.

LOCA qualified Absolute Pressure Sensor
mark-I

Absolute pressure sensors mark—I are developed for
2 ranges, 0 — 250 kg/cm? and 0 — 100 kg/cm? with
measurement accuracy of + 1 % of span under
normal ambient condition. The over range pressure
of the sensor is 150% of full scale. The pressure
sensor is qualified to operate under accident




condition of 180°C, 10 bar saturated steam
atmosphere and total integrated dose of 5 MRad of
gamma radiation. The pressure sensors are
connected to the reactor coolant system and high
pressure system of the plant. Fully welded
construction has been adopted for the pressure
sensor to achieve zero leakage. LOCA qualified
Absolute Pressure Sensor mark-I is shown in Fig.1.
Bourdon tube is used as basic pressure sensing
element for absolute pressure sensors mark—l. The
deflection at the free end of the Bourdon tube due
to the applied pressure is converted to electrical
signal by customized high temperature Linear
Variable Differential Transformer (LVDT). The
pressure sensor is provided with back up pressure
boundary to contain the process fluid in case of
accidental rupture of Bourdon tube.

Remotely mounted electronics module shown in
Fig.2 provides excitation signal to LVDT primary
coil, receives the LVDT secondary output,
conditions the mV ac output and provide 4 — 20 mA
DC output proportional to input pressure. The
electronics module is connected to the pressure
sensor with the help of 4 core screened cable with
copper conductor of cross section 1.5 mm? and
length up to 100m. Remote health-check facility is
provided in sensor electronic converters which
enables electronic converter health check and
ensures connectivity with the control system. On
application of the test signal, healthiness of all the
components of electronics module is checked and
12 mA output signal (50% of the output span with
permissible error of £ 1% of span) is generated.
After removing the test signal, the electronics
returns to measurement mode and its output
becomes proportional to the applied pressure.
LOCA qualified Absolute Pressure Sensor
mark-I1

Absolute Pressure Sensor mark—Il is developed
based on piezoresistive principle. The mark-II
version has better accuracy than the mark-1 version.
Absolute pressure sensors mark—Il is shown in Fig.
3. The measurement accuracy of mark-Il pressure
sensors is = 0.25 % of span at normal ambient
condition for both 0 — 250 kg/cm? and 0 — 100
kg/cm® ranges. This version of sensor is also
designed with Bi-bloc structure, with field
mountable pressure sensing unit and remotely
mounted electronic unit. The pressure sensors are
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qualified to operate under LOCA condition of 180
°C, 10 bar saturated steam atmosphere and 5 MRad
total integrated dose of gamma radiation.

Remotely mounted electronics module provides
constant DC excitation signal to sensor bridge
circuit, receives the mV DC bridge output and
converts it to 4 — 20 mA DC output proportional to
input pressure. The pressure sensor is connected to
the remotely mounted electronics through 4 core
screened cable of length up to 200m. Remote
health-check facility is provided in electronic
converters of mark-I1 pressure sensor also.
Quialification of Absolute Pressure Sensors
Qualification of the pressure sensors has been
carried out to ensure that the sensors function
reliably under high pressure, high temperature, high
radiation conditions and perform satisfactorily
throughout its life and meet the application
requirements. Salient qualification tests carried out
on absolute pressure sensor and the observations
are given below.

For environmental qualification, the pressure
sensor was subjected to high temperature test, low
temperature test, high humidity test, and salt spray
test. During all these tests, the functionality of the
sensor was monitored. Fig. 4 shows the pressure
sensor assembly placed inside the environmental
chamber for qualification tests.

Accelerated thermal ageing test was carried out
on the pressure sensor to ensure satisfactory
operation of the sensor at 40°C ambient
temperature for 10 years.

Radiation ageing test: Radiation aging test was
carried out on the pressure sensors for total
integrated dose of 5 MRad of gamma radiation at a
dose rate of 0.1 MRad/ hr. After the test, the
accuracy was found to be within their reference
accuracy (z 0.25% of span for the mark- 1l version
and £ 1% of span for mark-1 version).

Over range pressure test at 150% full scale
pressure was carried out on each pressure sensor.
Test for Protection against Water Jet was carried
out on the pressure sensors as per IEC 60529 from
a distance of 1.5metres for a period of 15 minutes.
No traces of water were present in the enclosure of
both versions of sensor after the test.

Vibration test was carried out on both types of
absolute pressure sensors as per the application
requirements. During and after the vibration test,




accuracy observed was within + 1% of span for
mark-1 version and within £ 0.25% of span for
mark- Il version. Fig. 5 shows the vibration test of
absolute pressure sensor.

Shock Test: The pressure sensors were subjected to
shock test. After the shock test, accuracy observed
was within their reference accuracy.

Steam Chamber test: Both mark-1 and mark-11
pressure sensors were subjected to steam chamber
test for LOCA qualification. The sensors were
exposed to 180°C, 10 bar saturated steam
atmosphere for half an hour and exposed in
moisture laden saturated air at 50 - 60° C for 24
hours. During and after the test, the pressure sensor
functionality and operation was verified and it
worked satisfactorily. Under harsh ambient
conditions of steam chamber test, the accuracy of
the absolute pressure sensor mark-1 was within £
4% of span. In case of absolute pressure sensor
mark-11, enhanced performance was observed
during steam chamber test. The accuracy of mark-II
pressure sensor was + 2.5% of span during the test.
Fig. 6 shows the steam chamber test set up.

EMI / EMC qualifications were carried out on the
electronic converters of the pressure sensors as per
MIL-461 E.

Conclusion

LOCA qualified absolute pressure sensors based on
two different operating principles have been
developed for nuclear reactor applications. The
LOCA qualified pressure sensors are designed such
that they perform their intended functions reliably
when exposed to normal and extreme service
conditions. Manufacturing process, fabrication &
assembly procedure and inter-stage testing methods
have been developed for these sensors. Testing and
qualification requirements for these pressure
sensors have been formulated. The pressure sensors
are fabricated with participation of indigenous
industries and tested to meet the application
requirements of nuclear reactor plant, high
pressure, high temperature, nuclear radiation
endurance, stringent environmental qualification
requirements, EMI/EMC, Shock and vibration
gualification requirements. The technical know-
how is transferred to ECIL for manufacturing of
these pressure sensors for future projects.




Fig.1: LOCA qualified Absolute Pressure Sensor
mark-1

Fig.2: Electronic Converter for Absolute
Pressure Sensor

Fig.3: LOCA qualified Absolute Pressure Sensor
mark-11

Fig.4: Absolute Pressure Sensor placed inside
the environmental chamber for
gualification tests

Fig.5: Vibration test of Absolute Pressure
Sensor

Fig.6: Steam Chamber Test Set up
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Abstract

Development of high speed cryogenic turboexpander based helium liquefaction/refrigeration systems of
different capacities are taken up at Bhabha Atomic Research Centre (BARC), Mumbai, for present and
anticipated future departmental programs. The work described in this article includes simulation of different
thermodynamic cycles pertaining to turboexpander based helium liquefiers and refrigerators developed by
CrTD, BARC. The basic specifications of key devices such as the turboexpanders and heat exchangers are
generated from the simulation exercise. Based on these studies, three different series of turboexpanders, with
speeds ranging from 2800 — 4500 Hz are developed and performance evaluated during field trials of the helium

liquefaction/refrigeration systems.

Nomenclature
U Turbine impeller tip speed n Turbine isentropic efficiency
D Turbine impeller major diameter 7] Turbine characteristic flow
P, Pressure at turbine nozzle inlet w Turbine impeller angular speed
P,  Pressure at turbine diffuser exit Ah, Turbine isentropic enthalpy drop
Tin Temperature at turbine nozzle inlet m Mass flow rate through turbine
Tous Temperature at turbine diffuser exit a, Speed of sound at nozzle inlet
h;, Enthalpy at turbine nozzle inlet Py Pressure ratio across the turbine
hoye Enthalpy at turbine diffuser exit M, Ratio of impeller tip speed to sound speed at
nozzle inlet
Sin Entropy at turbine nozzle inlet hgye isen  Enthalpy (isentropic) at turbine diffuser exit
P Density of helium gas at nozzle inlet C, Isentropic velocity

1. Introduction

Superconducting magnets and RF cavities in
cryomodules of large particle physics experiments
(e.g. CERN, DESY, ESS) are maintained at
temperatures in the range of 1.8 K — 2 K using large
capacity helium refrigerators. Liquid helium cooled
superconducting magnets are used for plasma
confinement in thermonuclear reactors (e.g. ITER).
Large helium refrigerators, at temperature ranges of
15 — 20 K, are also used to cool liquid hydrogen
moderators for generating “cold neutron beam” in
nuclear research reactors as well as for de-
contamination of heavy water. With a view to
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similar current and future programs and
requirements of the Department of Atomic Energy
(DAE), India, helium liquefier/refrigerator
development is considered a key focus area for
BARC, Mumbai.

The underlying thermodynamic cycles employed
in large helium liquefiers and refrigerators almost
universally involve compression of process gas
(helium) to pressures ranging from 13 — 25 bara
followed by stage wise expansion of the high
pressure (HP) stream (either in full or in part,
depending on the cycle and the stage) to a lower
pressure (LP) corresponding to compressor suction
till liquefaction is achieved or desired refrigeration




temperature is reached by the process gas. A part of
the cold expanded streams, from different stages, is
returned to the process compressors through heat
exchangers to cool down the HP incoming stream.
Most modern helium liquefaction and refrigeration
systems involve process compressor flows in excess
of 50 g/s necessitating the use of expansion devices
that can handle large flows. Gas bearing
turboexpanders, owing to large flow handling
capacity, high efficiency and low maintenance
requirements are used as expanders in modern
moderate to large capacity helium
liquefaction/refrigeration systems.

Figure 1. Reverse Brayton cycle based 20 K helium
refrigerator [3].

2. Helium liquefier/refrigerator systems

Different helium liquefier and refrigerator
thermodynamic processes are simulated to compute
maximum refrigeration load capacity at lowest
process gas temperature or maximum liquefaction
capacity at saturation temperature, as the case may
be, for known device efficiencies, process
compressor pressure levels, flow rates and pressure
drops in the process flow circuits. A set of equations
are developed by applying conservation of mass and
energy  principles to each device (e.g
turboexpander, heat exchanger) control volume.
Additionally, second law limitations are imposed
through the use of assumed  device
effectiveness/efficiency values. The set of equations
are solved to completely define each state point and
compute the refrigeration load capacity/ liquefaction
rate. Through the computed temperature and
pressure of the state points, basis of design for
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High speed cryogenic turboexpander based helium
refrigerators/liquefiers are already developed and
demonstrated at BARC [1, 2, 3]. Catering to the
expansion stages of the developed refrigerators and
liquefiers (figure 1, 2), three different series of
turboexpanders, designated as Series A, B and C,
are developed (table 1). The Series A and B
correspond to the first expansion stage of the BARC
helium refrigerator/liquefier while series C fits in
the second expansion stage.

Ry ———

Figure 2. Modified Claude cycle based helium
liquefaction/refrigeration system (4.5 K) [1].

devices such as turboexpanders and heat exchangers
are arrived at.

2.1 Reverse Brayton cycle helium refrigerator

The thermodynamic process of a 2 — stage reverse
Brayton cycle helium refrigerator consists of two
turboexpanders in series interspaced with two heat
exchangers (figure 3). Based on process compressor
flow of 50 g/s and pressure levels of 2 bara to 17
bara, a 20 K reverse Brayton cycle refrigerator is
conceived and developed. Through simulation runs,
the inlet and exit state points for the first stage
(Series A) turboexpander are arrived at.
Consequently, the 20 K refrigerator is developed
with Series A turboexpander as the first stage
expander and a similar turboexpander for the second
stage. During the trials, minimum temperatures
(state point 7, figure 3) of 14.9 K and 16.5 K are
registered without refrigeration load and with a load
of 200 W, respectively. About 470 W of
refrigeration load capacity is achieved at 20 K [3].
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Figure 3. 2-stage reverse Brayton cycle helium
refrigerator schematic [3].

2.2. Pre-cooled Collins cycle helium
liquefier/refrigerator

The thermodynamic process of a pre-cooled Collins
cycle helium liquefier/refrigerator is shown in figure
4. Effectively, parts of the HP process stream are
bypassed to LP at two parallel expansion
(turboexpander) stages at different temperatures,
while the main stream, at the low temperature end,
is finally expanded through a JT valve to the LP,
forming helium mist. This two-phase helium flow is
separated out to liquid helium in the helium receiver
vessel while the single phase cold gaseous
component is returned to the process compressor
through a series of heat exchangers, cooling down
the incoming hot HP stream in the process. An extra
pre-cooling turbine stage as well as liquid nitrogen
pre-cooling options are also provided for enhancing
the liquefaction/refrigeration capacities.

A helium screw compressor with a maximum
flow rate of about 67 g/s, measured at 1.05 bara
suction pressure, is available at CrTD, BARC. The
discharge pressure ranges from 13 — 17 barg. With
the pre-cooling turboexpander handling a full
compressor flow of 62 g/s, a maximum liquefaction
capacity of about 57 I/hr at saturation temperature of
4.8 K, is computed [4]. With the pre-cooler turbine
by-passed, the maximum liquefaction rate comes
down to 29.4 l/hr [5]. For the same configuration,
the refrigeration capacity is about 98 W at 4.8 K [5].
The computations also indicate that the turbine
speed and diameter requirements are higher (due to
low flow per stage and high stage pressure head)
than that of Series A turboexpanders (table 1).
However, due to the availability of only Series A
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Figure 4. Pre-cooled Collins cycle helium liquefier /
refrigerator schematic [4]

type turboexpanders, similar units are used in both
the process stages of the system. A Collins cycle
liquefier/refrigerator is built and during trial runs
with liquid nitrogen pre-cooling, lowest temperature
of about 7.8 K [6] is registered by a temperature
sensor located downstream of the JT valve (state
point 13, figure 4).

Poor thermodynamic performance of
turboexpanders 2 and 3 (figure 4) emerged as one of
the major issues during the trial runs. An operational
domain far away from the design specifications is
attributed to the poor performance of the
turboexpanders. After a re-visit to the process
simulation, coupled with analysis of the
experimental results, the decision to re-configure the
helium liquefier/refrigerator to a modified Claude
cycle is taken. This particular thermodynamic cycle,
due to process turbines placed in series in the
expander circuit (figure 5), allows a larger (and
equal) mass flow through both the turbines (coupled
with lower head per stage) and hence is more suited
to turboexpander based helium liquefaction /
refrigeration systems.

2.3 Modified Claude cycle helium
liquefier/refrigerator

During re-configuring the helium liquefier /
refrigerator to modified Claude cycle (figure 5), it is
decided to harvest all the existing equipment of the
Collins cycle liquefier, such as the heat exchangers
and cryogenic valves [5]. However, a multi-stream
heat exchanger (HXS, figure 5), which is developed
by CrTD, BARC [1, 5], is now added to the circuit.
The pre-cooler turbine is retained in the cycle for
enhancement of liquefaction capacity by utilizing




the higher process compressor pressures, when
available. Assuming constant device efficiencies,
liquefaction and refrigeration capacities computed
from the simulation runs, for different turbine circuit
flows, are presented in table 2. It is clear that the

optimal flow rate in the turbine circuit for maximum

refrigeration needs to be lower than that for the
maximum liquefaction case. Maximum liquefaction
rate and refrigeration capacity of 32 1/hr and 190 W
(table 2), respectively, at 4.8 K, are realized during
the experimental runs [1].

Table 1.Comparison of major design and operational parameters of expansion turbine series.

Parameter Series A Series B Series C
Design Operation’ Design  Operation’  Design  Operation
P, (bara) 16.5 12.85 12 10.13 6.49 5.76
P,,+ (bara) 11 7.59 6.5 4.92 1.95 1.74
Tin (K) 70 67.81 50.09 46.00 13.56 14.45
Tpue(K) 63.3 59.74 42.5 37.76 9.58 10.47
Rotational Speed (Hz) 4400 4295 4500 4447 2833 2826
Mass flow rate (g/s) 50 48.1 45 46.7 45 41.5
Power developed (W) 1820 2084 1824 2044 779 744
Velocity ratio, U/Cs 0.65 0.58 0.67 0.64 0.66 0.63
Isentropic efficiency 0.65 0.63 0.7 0.72 0.7 0.67
Characteristic flow 0.044 0.054 0.046 0.055 0.039 0.043
"Best Efficiency Point (BEP).
Process (Pre-cooler) Gas Purifier (SeriesB) _ (Series C) Gas Purifier
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Figure 5. Process schematic of the pre-cooled modified Claude cycle helium liquefier/refrigerator




Table 2.Modified Claude cycle helium liquefier/refrigerator: simulation and experimental results.

Output Parameters
Liquefaction Refrigeration X1 X 2 X3 Compressor TX1 TX2 TX3
rate (1/hr) capacity (W) efficiency efficiency efficiency flow (g/s) flow flow flow
(%) (%) (%) (gs) (gs) (gfs)
Simulation results
47.5 315 50 65 65 62 62 40 40
49.4 325 60 65 65 62 62 40 40
51.3 250 50 65 65 62 62 45 45
53.8 250 60 65 65 62 62 45 45
37.5 235 NA 65 65 62 0 45 45
384 218 NA 65 65 62 0 47 47
Experimental results
NA 193 NA 71.6 60.8 60 0 46.7  46.7
32.7 NA NA 65.6 65.9 53.2 0 464 464

3. Cryogenic turboexpanders
3.1 Major features

The BARC turboexpander system consists of a shaft
with a turbine and a brake compressor impeller
mounted at the two ends (figure 6). The vertically
oriented shaft consists of a collar, which together
with the thrust bearings on its either side, forms the
axial bearing system that takes up the thrust load
due to difference of pressure between the expansion
turbine and brake compressor ends. The radial
bearing system is responsible for rotor alignment
and stable operation at high speeds. The turbine
expansion system consists of an inlet nozzle for flow
guidance, a rotating expansion turbine impeller and
a diffuser for pressure recovery. The brake
compressor system consists of a compressor wheel,
an inducer, an inlet throttle valve and a water-cooled
heat exchanger unit (figure 6). The process gas
helium expands through the turbine system,
performs work on the turbine and thus cools down.
This work is utilized by the brake compressor to
increase  pressure (and temperature, as a
consequence) of flowing helium gas through its
circuit. This circulating gas is throttled back to the
inlet of the brake compressor inducer through the
inlet valve. The heat generated through this
compression process is dissipated via the water-
cooled heat exchanger unit.

After initial investigations and studies based on
literature on the subject [7, 8, 9, 10], a series of
turbine impellers belonging to the 90° Inlet Flow
Radial (IFR) turbine class are decided to be
developed. The Series A turbines (figure 7) along
with nozzles and diffusers are designed catering to
the first expansion stage of the reverse Brayton
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cycle based 20K helium refrigerator (figure 1, 3).
From design considerations, the number of impeller
blades for this small size (major diameter: 16 mm)
turbine are limited to 13, prompting the
development of a second series (Series B) of turbine
impellers with “splitter” blades (figure 8) for higher
efficiency. A total number of 8 full blades are
designed and 8 more “splitter” blades are
interspaced at the inlet section (major diameter end)
to eliminate the eddy and vortex losses [11, 12]
within the blade passage. Moreover, a design feature
in the form of negative incidence of —30° is
introduced in the nozzle following reports [11, 12]
that maximum efficiency is obtained at negative
incidence values ranging from —20° to —30° at the
inlet to IFR turbines. As another design
enhancement, the nozzle and diffuser in Series B are
combined together to reduce misalignment effects.
In addition to the design aspects, the parameters of
Series B turboexpanders are slightly altered (table 1)
to cater to the first stage of the modified Claude
cycle helium refrigerator/liquefier developed by
BARC (figure 2, 5).

A third series of turbine (Series C) with a large
pressure ratio (table 1) and computed major
diameter 16.5 mm, catering to the 2™ expansion
stage of the same Claude cycle liquefier/refrigerator,
is also developed. The Series C turbines, with
features similar to Series A, may also be used in the
second stage of the Brayton cycle refrigerator. Brake
compressor impellers are developed with designed
major diameter of 28 mm for Series A & B (figure
9) and 35.5 mm for Series C (figure 10). The larger
size of the Series C brake compressor impellers
owes to the fact that the rotor design speed is lower
and the compressor operates in a lower ambient




pressure domain. The material of construction of all strength aluminium alloy (7075T6).

the turbine and brake compressor impellers is high

Water in ———=— Throttle Valve
Heat
Exchanger
Water out Throttled He
Compressed Warm He T
Warm End '
Housing \Q\‘\ N %
Brake N | | Brake Inducer
SEESIOr 78 Top Journal
Thrust Bearings - 4 Bearing
Bearing Housing i Speed Sensor
Bottom Journal
Bearing i ShaﬂN I
ozzle
WARM - '
o YcoLb
. 1 | N
Expansion ! =
Turbine 1 | “‘“x\\ k
He He = Diffuser
= ot
Cold End Housing in
SN PSS
YR
;-/ —\}‘-.5‘-"_

Figure 7. BARC Series A turbine impeller. Figure 8. BARC Series B turbine impeller (with
splitter blades).




Figure 9. BARC Series A & B brake compressor
impeller.

Figure 10. BARC Series C brake compressor
impeller.
3.2 Performance evaluation during field trials

For applications restricted to a single working fluid
and for high flow Reynolds numbers, the full non-
dimensional performance characteristics of a
turbomachine may be described by the following
relationship [11]:
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Figure 11. Variation of isentropic efficiency of
turboexpanders with isentropic velocity ratio [3].
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Isentropic Efficiency, 77

It is a common practice [11, 12] to present the
isentropic efficiency, 7, in relation to the isentropic
velocity ratio, U/C,, which is a combination of stage
pressure ratio, P and rotor non-dimensional speed.
The rotor tip speed, U and the isentropic velocity, Cj
are defined as following:

U= a).g )

Cs = (2.8hg5)"? 3)
The isentropic enthalpy drop across the
turboexpander, Ah,, is expressed as:

AhOs = hin - hout_isen (4)

The turbine isentropic efficiency, 7, is computed as
follows:

n - hi:l_nho’:.::;n (5)
hin = h(Pp, Tin) (6)
hout = h(Pout, Tout) (7
hout_isen = h(Poutv Sin) (8)

The non-dimensional mass flow parameter

(characteristic flow) [11], 6, is defined as:
m

= pya;nD2/4 ©)
For thermal performance evaluation of
turboexpanders, the enthalpies corresponding to the
inlet and exit temperatures and pressures are
computed using HEPAK® software. The discrete
data points of computed isentropic efficiencies are
presented in figures 11 and 12 against the computed
isentropic velocity ratios and characteristic flows at
different (quasi) steady state operating conditions. A
comparison between design and BEP operational
parameters of all the series is presented in table 2.
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Figure 12. Variation of isentropic efficiency of
turboexpanders with characteristic flow [3].




It is evident from figure 11 that the isentropic
efficiency rises with U/C; ratio for all the turbine
series. In general, the efficiencies computed for
Series B are a notch higher than those of Series A
for same U/C; ratios, hence, it appears that Series B
is more efficient than Series A, which may be
attributed to the described design modifications
undertaken for Series B. The Series C turbine
efficiency is found to be the lowest, which may be
attributed to the fact that it operates (and is designed
for) a much larger pressure ratio than what is normal
for IFR turbines. The efficiency values of Series B
and C peaks out at around U/C; ratio of 0.63 — 0.65.
On the other hand, since it is not possible to reach
the design U/C; ratio (table 2) for Series A during
operation, its efficiency shows an upward trend
without any sign of peaking.

What is interesting is that all the turbine series
exhibit best efficiencies at characteristic mass flows
much higher than design (table 2, figure 12). In fact,
the plot in figure 12 seems to indicate the possibility
of even larger swallowing capacity of the turbine
Series A and B, than that achieved during field
trials, without affecting the efficiency. The cluster of
data at lower efficiencies (corresponding to
liquefier/refrigerator transient conditions) are quite
spread out for Series C, however, if only the data
corresponding to higher turbine efficiencies are
looked into, it seems that the efficiency of Series C
turbine is also quite unaffected by the characteristic
flow.

4. Conclusion

Simulation studies on different helium liquefaction
and refrigeration thermodynamic cycles are taken up
at BARC. Based on the studies, helium liquefaction
and refrigeration systems of different capacities are
developed and demonstrated at BARC, Mumbai.
High speed turboexpanders (BARC turboexpander
series A, B and C), suited for the expansion circuit
of the liquefaction/refrigeration systems are
designed and developed. During the experimental
runs of the liquefaction/refrigeration systems,
successful field trials of the turboexpanders
exhibiting highest isentropic efficiency of around
70%, is achieved. More off-design experimental
data as well as further studies are required to
develop turbines in future with even higher
efficiencies.
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Abstract: In the last one and half decade, *'’Lu has emerged as one of the most important and useful
radionuclides for the development of a wide variety of targeted radiotherapy agents owing to its suitable nuclear
decay characteristics, comparatively longer half-life and production feasibility using medium flux research
reactors. Radiopharmaceuticals Division (RPhD), BARC has done pioneering work in the field of production of
clinical-grade *"’Lu and development of *""Lu-based agents for targeted radiotherapy and palliative care. The
efforts undertaken by the author and his colleagues in the past 15 years have paved the way towards the
development of several potential radiopharmaceuticals and freeze-dried kits. A few of these radiotherapeutic
agents and lyophilized kits are being regularly used in various hospitals of our country for the treatment of
cancer patients. This has not only ensured the availability of some state-of-the-art radiopharmaceuticals in our

country, but also helped to make such radiotherapeutic modalities affordable to the cancer patients.

Key words:
617, Freeze-dried kit

Introduction: Radionuclide therapy (RNT) using
target-specific radiopharmaceuticals has been in
existence for over sixty-five years for the treatment
of thyroid cancer primarily due to the efficacy and
ease of using radioiodine (**'1) [1]. Other than the
applications in tumor therapy, targeted RNT finds
applications in certain other diseased states, such as
bone pain palliation for improving the quality of
life of cancer patients, locoregional applications for
treatment of liver cancer and radiation
synovectomy for patients with rheumatoid arthritis
[2]. The development of new and improved
approaches for targeted radionuclide therapy is
currently one of the most intensively pursued areas
of radiopharmaceutical research. Recent advances
in this area exploit the diversity of receptor-avid
and immune-derived molecular vectors as well as a
plethora of therapeutic radionuclides. In order to
ensure the wider use of radiopharmaceuticals, it is
essential to carefully consider the choice of
radionuclides for a particular application. The
criteria for the selection of a radionuclide for
radiotherapy  are  suitable  nuclear  decay
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characteristics, ability to produce with high
radionuclidic purity and specific activity as well as
amenable chemistry [1,3]. However, the practical
considerations in selecting a radionuclide for
targeted therapy are the possibility to produce the
radionuclide with high specific activity at low
production cost and comfortable delivery logistics.
In the last one and half decade, therapeutic
radionuclide *”’Lu has emerged as one of the prime
candidate for developing various types of
radiotherapeutic agents [4]. Suitable nuclear decay
characteristics [Egmag = 0.49 MeV, E, = 208 keV
(11%), 113 keV (6.4%)], comparatively longer
half-life (T, = 6.71 d) along with its easy and cost-
effective production feasibility with adequately
high specific activity and radionuclidic purity using
medium flux research reactors have made this
isotope as one of the most widely used
radionuclide, a close next to **1, for non-thyroidal
applications in RNT [4]. Moreover, possibility of
using "Lu for theranostic applications, which
enables the use of same agent for diagnosis or
staging of the disease during the course of




radionuclide therapy, are added advantages while
using it for targeted RNT applications [5].

While the use of Y"Lu for radiotherapy has
been reported earlier by a few researchers, the
concerted efforts to explore the potential
applicability of this isotope in designing agents for
therapeutic applications, more specifically targeted
radiotherapy, was initiated in 2000, in the
Radiopharmaceuticals Division, BARC [1]. A
logical outcome therefore led to research towards
envisaging methods to produce this logistically
suitable radioisotope in adequate quantities and
specific activities using the present reactor facilities
in our Institute. The first (n,y) irradiation of natural
Lu,O5 target to produce ‘""Lu was carried out in
2000, following which the production of high
specific activity “’Lu from enriched target was
attempted in mid 2001 [6]. Owing to the extensive
research on standardizing the production
methodology of this isotope, high specific activity
clinical-grade '"’LuCl; had emerged as a new
radiochemical for commercial deployment to
nuclear medicine centres all over India.

YL _u-based agents for bone pain palliation:
Skeletal metastasis is one of the most common
complications experienced by the patients suffering
from prostate, breast and lung cancer at the
advanced stage of their disease [7]. It is reported
that 80-85% of patients with advanced breast or
prostate cancer are likely to develop bone
metastases [8]. These metastatic skeletal lesions
often lead to excruciating pain and have a very
detrimental impact on the quality of life of these
patients. This clinical condition can lead to
pathological fractures, immobility, hypercalcemia,
neurological deficits and severe psychological
trauma [7,8]. Such patients are subjected to
palliative care, the major objective of which is to
alleviate the pain and thus improving the quality of
life enjoyed by these patients.

Clinical management of bone pain arising
out of skeletal metastases is a challenging task and
usually carried out through a multimodality
approach which includes use of analgesic
medications, cytotoxic chemotherapy, hormone-
deprivation therapy, radiation therapy as well as
administration of bisphosphonates and bone-
seeking radiopharmaceuticals [7,8]. Although the
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conventional treatment modalities such as
administration of analgesics and external beam
radiotherapy are continuing practices, these
approaches have multiple side effects. It is reported
that amongst the methodologies usually employed
for metastatic bone pain palliation, use of bone-
seeking radiopharmaceuticals is considered to be
the most desirable for the patients having multiple
metastatic lesions, as it is most well tolerated by the
patients [9].

The major challenge in developing
effective agents for palliative treatment of bone
pain arising from skeletal metastasis is to ensure the
delivery of adequate dose of ionizing radiation at
the site of skeletal lesion with minimum radiation
induced bone marrow suppression [10]. These in-
vivo features are governed by the tissue penetration
range and hence on the energies of the B~ particles
of the radionuclides used in the
radiopharmaceutical  preparations [10]. The
important attributes of ’Lu as an attractive
radionuclide for bone pain palliation emerge from
its suitable B~ energy which is adequately low and
thereby it is expected to cause minimum bone
marrow suppression on accumulation in skeletal
lesions [4]. Therefore, attempts were made for the
development of potential bone pain palliation
agents based on *'’Lu.

YLu-EDTMP: It is well reported in the literature
that EDTMP  (ethylenediaminetetramethylene
phosphonic acid, Figure 1) forms stable complexes
with different radionuclides [10] and ***Sm-
EDTMP (Quadramet®) is an already well-
established radiopharmaceutical for bone pain
palliation [7]. Since Lu*® has similar coordination
chemistry as that of Sm*?, it is pertinent to envisage
EDTMP complex of '"Lu, expecting the
pharmacokinetic properties of the agent to be
similar to that of **Sm-EDTMP. Therefore efforts
were directed to develop *’Lu-EDTMP as an agent
for metastatic bone pain palliation.

EDTMP  was synthesized in-house
following the reported procedure [11] and
characterized by standard spectroscopic techniques.
The radiolabeling protocol for the formulation of
Lu-EDTMP was standardized and subsequently
scaled-up to prepare patient dose equivalent of
Y Lu-EDTMP. Preliminary biological studies were




performed in normal Wistar rats, normal New
Zealand white rabbits as well as in diseased dogs
[10]. Clinical studies with the agent were carried
out in collaboration with AIIMS (All India Institute
of Medical Sciences, New Delhi) and KMCH
(Kovai Medical Centre and Hospital, Coimbatore).
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Figure 1: Structure of EDTMP
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Figure 2: Whole-body scintigraphic images of a
patient treated with *"’Lu-EDTMP
(Image courtesy: Dr. Sandip Basu, RMC, BARC)

On the other hand, for the easy and
convenient preparation of ’Lu-EDTMP patient
dose at the hospital radiopharmacy, formulation of
suitable lyophilized EDTMP kit was also
attempted. As the preparation of the agent using the
kit requires only the addition of normal saline and
YLLuCl; in the kit vial prior to incubation at room
temperature, the formulation becomes relatively
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simple at the end user. This also reduces the
possibility of contamination, radiation exposure,
batch failure as well as the preparation time of the
radiopharmaceutical [12]. Freeze-dried EDTMP
kits, each comprising a lyophilized mixture of 35
mg EDTMP, 14.1 mg NaOH and 5.8 mg of CaCO;
was prepared in our facility [12]. The kit was
successfully used for the preparation of up to 3.7
GBq (100 mCi) patient dose of *”’Lu-EDTMP with
high radiochemical purity [12]. Clinical potency of
Lu-EDTMP, formulated using the freeze-dried
EDTMP kit, was evaluated in human cancer
patients in collaboration with KMCH, Coimbatore
and RMC (Radiation Medicine Centre), BARC,
Mumbai. Figure 2 shows the post-therapy whole-
body scans of a prostate cancer patient recorded
after administration of ’’Lu-EDTMP (anterior and
posterior views). It has now been proven that *"’Lu-
EDTMP is effective in providing significant pain
relief to patients and the treatment considerably
increased their mobility, resulting in an overall
improvement in the quality of life [13]. A similar
pain response efficacy, similar hematological
toxicity profile and absence of renal toxicity
exhibited by *'Lu-EDTMP coupled with almost
identical improvement in the quality of life in
comparison to those reported with ***Sm-EDTMP
provided conclusive evidences that the agent is
clinically safe for pain palliation of patients with
disseminated skeletal disease [14].

It is important to mention that the use of
both the *’Lu-EDTMP preparations, namely ready-
to-use and that formulated using freeze-dried
EDTMP Kkit, have been approved by the RPC
(Radiopharmaceuticals Committee) of DAE
(Department of Atomic Energy) for human
application. Both these products are now being
supplied from BRIT (Board of Radiation and
Isotope Technology) for the benefit of the patients
needing palliative care.

""Lu-DOTMP:  Lutetium-177-labeled DOTMP
(1,4,7,10-tetraazacyclododecane-1,4,7,10-

tetramethylene phosphonic acid) is another bone
pain palliation agent whose clinical evaluation has
recently been initiated. DOTMP (Figure 3), the
macrocyclic analog of EDTMP, is reported to form
complex with *"Lu with superior thermodynamic
stability and improved kinetic inertness [15]. The




agent can be prepared following a simple wet-
chemistry protocol akin to that of *'’Lu-EDTMP
mentioned above [15] or more conveniently using
freeze-dried DOTMP Kkits [16]. Patient dose of
"Lu-DOTMP was prepared by using freeze-dried
DOTMP kit, developed in-house, comprising 20
mg of DOTMP and 8.75 mg of NaOH in the
lyophilized form [17]. Clinical evaluation of this
agent is presently being carried out in collaboration
with three nuclear medicine centres in India,
namely, KMCH (Coimbatore), PGIMER (Post
Graduate Institute of Medical Education and
Research, Chandigarh) and AIIMS (New Delhi).
Figure 4 shows the post-therapy whole-body scans
of a patient recorded after administration of *"’Lu-
DOTMP  (anterior and  posterior  views).
Satisfactory pain palliation was achieved starting
from 6" day post-administration and none of the
patients have shown any significant hematological
toxicity till date. Although the clinical studies,
conducted till date, are limited by the number of
patients recruited, the preliminary data obtained so
far indicates the potential of the agent to emerge as
an alternative radiopharmaceutical for bone pain
palliation. The proposal seeking clearance of using
freeze-dried DOTMP Kkits for the formulation of
YLu-DOTMP for human administration has
already been submitted to RPC. It is expected that
RPC approval for the regular manufacture and
supply of lyophilized DOTMP kits for the clinical
use of *"Lu-DOTMP will be obtained in the near
future.
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Figure 4: Whole-body scintigraphic images of a
patient treated with *"’Lu-DOTMP
(Image courtesy: Dr. Ajit Shinto, KMCH, Coimbatore)

L u-DOTA-TATE for peptide receptor
radionuclide therapy: Peptide receptor
radionuclide therapy (PRRT) using radiolabeled
somatostatin analogues is a novel therapeutic
modality for the treatment of somatostatin receptor-
positive tumors [18]. PRRT using ’Lu-DOTA-
TATE, (TATE is a somatostatin analog
octapeptide, Tyr’-Octreotate, Figure 5) is now an
established therapeutic modality for the treatment
of patients suffering from a wide variety of
inoperable neuroendocrine cancers [18]. In the last
decade, PRRT has gained momentum and at
present is being routinely used as a therapeutic
regimen in a limited number of countries. In India,
PRRT employing *'Lu-DOTA-TATE has been in
regular use since 2008 and till date few thousand
patient doses have been administered in thirteen
nuclear medicine centres across the country [19].
India, with a large population, has a significant
number of patients who require PRRT and the
treatment needs to be provided at a reasonable cost
due to the poor affordability of a large mass of
population. This required the formulation of the
agent using *"’Lu obtained via the more economical
and indigenously produced direct (n,y) route using
enriched *"’Lu as the target [4]. However, specific
activity of ”Lu produced following this route
varies significantly from batch to batch due to the




variable operating conditions of the reactor
(scheduled and unscheduled shut-downs, power
fluctuation etc.) and variation in irradiation cycles
used. Additionally, variation in logistical factors
such as transportation delay, the distance of the
hospitals from the radionuclide production site, date
and time of actual administration etc. contribute to
the variation in the specific activity of *"’Lu
available to the end user [19]. Therefore, the
radiopharmaceutical challenge associated with
PRRT using '"Lu-DOTA-TATE lies in its
preparation with adequately high specific activity
so that the required dose could be deposited in the
cancerous lesions without saturating the limited
number of receptors available on the target [20].
Accordingly, a suitable method for the preparation
of patient dose of Lu-DOTA-TATE was
developed in our laboratory [21] and the
methodology had been successfully demonstrated
to various nuclear medicine centres in India. Figure
6 shows the post-therapy whole-body scans of a
neuroendocrine cancer patient recorded after
administration of Y’Lu-DOTA-TATE (anterior and
posterior views)
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Figure 5: Structure of DOTA-TATE

Figure 6: Whole-body scintigraphic images
of a patient treated with *"’Lu-DOTA-TATE
(Image courtesy: Dr. Kumar G. Kallur, Bangalore
Institute of Oncology, Bengaluru)

Y u-PSMA-617 for treatment of prostate
cancer: Prostate cancer is the sixth leading cause of
cancer related deaths and is estimated to be the
second most frequently encountered cancer in
males worldwide [22]. Therefore, development of
suitable and efficient therapeutic agents is of high
clinical importance, specifically, to combat the
metastatic and hormone refractory prostate
carcinoma. Prostate-specific membrane antigen
(PSMA) is a surface protein that is usually present
on healthy prostate cells and significantly over-
expressed on prostate cancer cells [23]. In prostate
cancer, PSMA expression has been shown to
correlate with disease progression, with highest
levels expressed in hormone-refractory and
metastatic disease [24]. Moreover, pathology
studies have shown that PSMA is expressed by
virtually all types of prostate cancers and PSMA-
negative prostate carcinoma are relatively rare [25].

During the last two decades, significant
work has been carried out in order to develop
suitable low molecular weight prostate-specific
ligands, which can be labeled with diagnostically or
therapeutically important  radionuclides  [26].
Amongst these prostate-specific ligands, PSMA-
617 (Figure 7) developed at the German Cancer
Research Center of Heidelberg (DKFZ), has
emerged as the most promising PSMA vector till-
date. This molecule is reported to exhibit strong
binding affinity to PSMA and demonstrated highly




efficient internalization in prostate carcinoma cells
[26]. Therefore, use of DOTA (1,4,7,10-tetraaza-
cyclododecane-1,4,7,10-tetraacetic acid) coupled
PSMA-617, which enables its labeling with either
diagnostically ~ (®*Ga)  or  therapeutically
(radiolanthanides) useful radionuclides, have
opened up a new avenue in the management of
prostate cancer.

Figure 8: Whole-body scintigraphic images of a
patient treated with "Lu-PSMA-617
(Image courtesy: Dr. Vikram R. Lele,
Jaslok, Hospital, Mumbai)

In the last couple of vyears, clinical
evaluations carried out with *’Lu-labeled PSMA
have shown encouraging results in targeted RNT of
patients suffering from prostate cancer [27].
Therefore, efforts were directed to standardize the
methodology of formulation of patient dose of
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YLu-PSMA using the indigenously produced
Y"Lu. Patient dose of 7.4 GBq (200 mCi) of *""Lu-
PSMA-617 was prepared with high radiochemical
purity under the optimized reaction protocols and
necessary biological evaluations were carried to
facilitate the clinical translation of the agent [26].
Clinical evaluation of the agent in prostate cancer
patients, having proven PSMA expression in
primary and metastatic lesions, was initiated in
collaboration with Jaslok Hospital and Medical
Research Centre, Mumbai. Figure 8 shows the post-
therapy whole-body scans of a prostate cancer
patient (with extensive skeletal metastases)
recorded after administration of *’Lu-PSMA-617
(anterior and posterior views). Our effort towards
clinical translation of this potential agent using the
indigenously produced 'Lu has ensured the
availability of this agent at a comparatively much
lower price to the cancer patients of India within 1-
2 years of its first clinical utilization. The
therapeutic efficacy of ’Lu-PSMA in treating
prostate cancer patients is presently being evaluated
in few reputed nuclear medicine centres of India.

Conclusion

Lu has been pursued with great interest for
therapy in many countries all over the world, owing
to its attractive features detailed earlier and in the
last one and half decade it has emerged as one of
the prime radioisotopes for developing agents for
targeted radiotherapy. Our modest beginning in
clinical deployment of this radioisotope for treating
patients a decade ago has now grown into a robust
program, which is reflected in the continuous
increase of demand of clinical-grade *'’Lu,
presently supplied through BRIT. Extensive
research carried out with this radionuclide in the
Radiopharmaceuticals Division, BARC in the past
ten years has helped in development of several
important radiopharmaceuticals, such as *''Lu-
EDTMP and *'Lu-DOTMP for bone pain
palliation, "Lu-DOTA-TATE for treatment of
neuroendocrine  cancers, ''Lu-PSMA-617 for
treatment of prostate cancer. This has ensured the
availability —of state-of-the art *"’Lu-based
radiopharmaceuticals in India at an affordable cost
and thus helped the much-needed radiotherapeutic
intervention to reach a wider mass of cancer
patients of our country.
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Abstract

Rhenium-188 is an important therapeutic radioisotope, available from a commercial Tungsten-
188/Rhenium-188 generator (***W/'**Re generator). Its high energy beta emission [Epmax - 2.12 MeV,
E, - 155 keV (15%), half-life - 16.9 h] is especially useful for the therapy of large tumors in organs
such as liver. Trans arterial radioembolization (TARE) using rhenium-188 labeled lipiodol is an
effective and economically viable alternative to imported radiotherapeutic agents for liver cancer
therapy. The '®ReN(DEDC), complex (hence forth written as '*ReN-DEDC complex, DEDC -
diethyl dithiocarbamate) extracted into lipiodol is one such radiopharmaceutical, which has proven its
clinical efficacy for the therapy of liver cancer. **®Re-HEDP (1-Hydroxy Ethylidene-1,1-Diphosphonic
Acid) is another effective radiopharmaceutical for palliation of bone pain due to osseous metastasis.
In-house development of freeze-dried kits for the preparation of **ReN-DEDC/lipiodol and ***Re-
HEDP will eliminate the dependence on imported Kits, that had been a major impediment for its wide
spread clinical application in India. This article highlights the contributions from BARC to clinical
1%8Re-radiopharmaceutical program in India.

Key words: Rhenium-188, Radiopharmaceuticals, Therapy, Theranostic isotope, Liver cancer, Bone
pain palliation, *®*ReN-DEDC, ‘*Re-HEDP, Freeze-dried kits.

INTRODUCTION

Rhenium belongs to group-VII of the periodic
table, same as that of technetium-99m, the
isotope which is called the workhorse of
nuclear medicine. It has two important
radioisotopes, ‘*Re [half-life - 3.71 days, Epmax
- 1.09 MeV, E, - 136 keV (9%)] and *Re
[half-life - 16.9 h, Epmax - 2.12 MeV, E, - 155
keV (15%)] [1]. Both radioisotopes have beta
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energies suitable for therapy with associated
gamma emissions, which permits monitoring
the distribution of the radiotracer in vivo.
While relatively low-energy beta particles of
186Re are useful for therapeutic applications
requiring low tissue penetration, high-energy
beta emissions from *®Re are particularly
useful for therapy of cancer in large organs like
liver.




Being in the same group of the periodic
table, technetium and rhenium may be
expected to share similar chemistry. For
example, pertechnetate (TcO4) and perrhenate
(ReQy), in which both the metals are in their
most stable oxidation state of +7, are iso-
structural. With suitable ligands, both metals
form complexes in +5 oxidation state. Both
metals form  fac-tricarbonyl  complexes,
(IM(CO)3]*; M = Tc, Re), in which the metal is
in +1 oxidation state. Similarity in chemistry of
technetium and rhenium prompt us to believe it
IS possible to have theranostic
radiopharmaceutical pair with *™Tc and ***Re
radionuclides, ~ wherein  the  *™Tc-
radiopharmaceutical will be used for diagnosis
and corresponding '®®Re-analogue for therapy.
However, practically, rhenium in +7 oxidation
is more difficult to reduce than technetium.
Rhenium often requires acidic conditions for
its efficient reduction, while technetium can be
reduced under neutral or slightly acidic/basic
conditions, ideally suited for
radiopharmaceutical preparation. This is one of
the reasons, we do not see rhenium analogue of
all successful technetium radiopharmaceuticals.

Like the **Mo/®™Tc generator, which
had a significant role in making ®™Tc the
workhorse of nuclear medicine, the *®W/*®*Re
generator has the potential to popularize the
use of '®Re-radiopharmaceuticals for therapy.
Commercial  availability —of ®w/*®Re
generator fulfils the primary criteria to achieve
this objective. However, unlike a *Mo/®™Tc
generator, a %W/ Re generator is several
times costlier. At present in India, cost of a
500mCi *®W/*®Re generator is approximately
18 lakhs. For any nuclear medicine centre,
economic viability of the services they provide
is vital for their existence. Initial investment, a
188\\//*®Re generator, necessary to start '**Re-
therapy program in a nuclear medicine centre
being high, availability of sufficient number of
effective '®®Re-radiopharmaceuticals for prime
oncological applications is essential for
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efficient utilization of '®Re-activity from the
generator, which will make the therapy
program sustainable.

Freeze-dried kits remarkably simplify
the preparation of radiopharmaceuticals in a

busy hospital radiopharmacy.
Radiopharmaceuticals division, BARC,
recognized the importance of in-house
development of freeze-dried kits for the
preparation of ®Re-radiopharmaceuticals to
boost '®®Re-therapy program in India. By
carefully analyzing the trends in clinical
nuclear medicine scenario, two ‘®Re-
radiopharmaceuticals, which could provide an
effective and economically viable alternative to
existing nuclear medicine practice, were
selected. The first one was '*®ReN-
DEDCl/lipiodol for the therapy of unresectable
primary liver cancers such as hepatocellular
carcinoma (HCC) or intrahepatic
cholangiocarcinoma (ICC) [2]. The second
radiopharmaceutical was '®Re-HEDP, a
palliating agent for pain arising from bone
metastasis [3]. At the time of conceptualizing
this work, freeze-dried Kits for the preparation
of both of these '*®Re-radiopharmaceuticals
were not available commercially. In this article,
author briefly describe the development of
freeze-dried Kits for the preparation of the two
selected radiopharmaceuticals starting from
laboratory bench, culminating in its application
in the clinic.

THERAPY OF LIVER CANCER
Background

HCC and ICC are the two most common
primary liver cancers and represents the second
most common causes of cancer death
worldwide [4]. Patients presented with late
stage HCC/ICC are often unresectable, and
therefore, recommended for loco-regional
therapies such as Trans arterial
chemoembolization (TACE), TARE or
sorafinib therapy, depending on the stage of the
disease [5]. TARE is one of the minimally




invasive, image-guided loco-regional liver
therapies in clinical practice today [6].
Primarily, this procedure embolizes the blood
vessels feeding the tumor to deny vital
nutrients and oxygen. Additionally, the
radiotherapy agent in the embolizing medium
delivers effective loco-regional therapy while
sparing neighboring normal liver cells.

Some of the clinically available options
for TARE include ®Y-labeled microparticles
[7, 8], **!I-lipiodol [9, 10] and *Re-lipiodol
[2, 11, 12]. Recent studies have proved the
efficacy and safety of *°Y-microparticles for
TARE [13]. However, high cost of Y-
microparticle therapy limits its application to a
small fraction of patients who can afford it.
Though **I-lipiodol therapy provides an
economically viable alternative, long half-life,
low B-energy [Epmax - 0.61 MeV (89.3%), 0.33
MeV (7.3%), 0.25 MeV (2.1%), half-life — 8.02
days] and the need for isolation of the patient
post therapy, makes it a less preferred clinical
choice.
188Re-Radiopharmaceuticals for TARE
Rhenium-188 radiopharmaceuticals for liver
cancer therapy combine the low-cost benefit of
BY1lipiodol therapy and, the safety and
efficacy of  “Y-microparticle  therapy.
Rhenium-188 has beta energy comparable to
that of °Y [Epmax - 2.28 MeV, half-life - 64.1
h] and hence comparable tissue penetration
range could be expected. As mentioned earlier,
presence of gamma emission, which permits
monitoring the localization of
radiopharmaceutical in the target tissue, is an
added advantage of **Re-radiopharmaceutical
over Y-counterpart.

A common approach for the preparation
of ®Re-radiopharmceutical for liver cancer
therapy involves preparation of a stable,
lipophilic complex of ‘®®Re and its extraction
into lipiodol (poppy seed oil). Subsequently,
188Re-loaded lipiodol is used for TARE.

Jeong et al. reported a freeze-dried kit
procedure for the preparation of a lipiodol
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solution of '®Re-TDD (TDD - 2,2,9,9-
Tetramethyl-4,7-diaza-1,10-decanedithiol) for
therapy of liver cancer [11]. This method
involved preparation of a lipophilic ***Re-TDD
complex and its extraction into lipiodol.
Though **¥Re-TDD/lipiodol could be prepared
in good Yyields, its retention in liver was not
good enough for the therapy of liver cancer.
The same group subsequently reported a
modified form of *®Re-TDD, the '**Re-HDD
(HDD - 4-hexadecyl-2,2,9,9-tetramethyl-4,7-
diaza-1,10-decanedithiol),  which  showed
higher retention in liver. In an IAEA-sponsored
clinical study, Kumar et al. concluded that
TARE with *®®Re-HDD/lipiodol is a safe and
effective option for the therapy of inoperable
hepatocellular carcinoma [12].

Though  '*®Re-HDD/lipiodol is
clinically used for the therapy of liver cancer,
efficiency of extraction of '®Re-HDD into
lipiodol is poor (~50%). Lower extraction
efficiency is an impediment to prepare higher
patient doses of ***Re-HDD/lipiodol and, quite
often, the radiopharmacist is forced to do
multiple preparations of '®Re-HDD to obtain
the required patient dose. Moreover, freeze-
dried HDD kits are not available locally and
have to be imported.

The 88ReN-DEDC complex reported
by Boschi et al. had higher extraction
efficiency into lipiodol (>80%) and combined
with excellent clinical efficacy for the therapy
of HCC and ICC by TARE, it presents itself as
an effective alternative to existing clinical
option. Based on these facts, we decided to
develop these kits in-house to ensure
uninterrupted local availability at an affordable
cost.

18ReN-DEDC/lipiodol  for liver cancer
therapy

Preparation of ®8ReN-DEDC complex involves
two steps [2]. First step involves the
preparation of [**®ReN]** (rhenium nitride)
intermediate, the precursor for the preparation
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of *®ReN-DEDC complex (Figure 1). The
reaction involved reduction of [***ReO,]" by
stannous chloride dihydrate (SnCl,.2H,0)
followed by attack of the nitride (N*) ion from
N-methyl-S-methyl dithiocarbazate (DTCz).
This reaction is highly facilitated under acidic
conditions (pH = 3) and kinetics of [**®ReO.]
reduction is enhanced in the presence of
oxalate ligand. Therefore, glacial acetic acid
and disodium oxalate are added in the reaction
mixture  while  preparing  [**ReN]*
intermediate.

The [“®ReN]** intermediate has square
pyramidal structure with ‘N’ atom occupying
the apex of the square pyramid and four labile
ligands (L) occupying the four corners of the
basal plane. It should be noted that nitride ion
donor, DTCz, itself can act as a ligand in the
present case.

The second step involves the preparation of
188ReN-DEDC  complex from [“®ReN]*
intermediate prepared in the first step (Figure
2) by incubating with DEDC ligand at 70°C for
20 min. The pH of the reaction mixture was
maintained at 6.

The neutral, lipophilic, ***ReN-DEDC complex
thus prepared was subsequently extracted into
lipiodol and used for TARE procedure for the
therapy of liver cancer.
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Kit procedure for the preparation of *®ReN-
DEDC!/lipiodol

Freeze-dried Kits are designed to prepare
radiopharmaceuticals in  minimum time,
following simple procedures, in a busy hospital
radiopharmacy. A freeze-dried kit contains all
the necessary reagents, except radioactivity, for
the preparation of a radiopharmaceutical. A
two-vial freeze-dried kit for the preparation of
188ReN-DEDC complex was made in-house
following a previously optimized procedure.
Kit vial 1 for the preparation of [***ReN]*
intermediate contained DTCz (2 mg), disodium
oxalate (28 mg) and stannous chloride
dihydrate (0.8 mg). Kit vial 2 contained DEDC
ligand and carbonate buffer. To prepare the
complex using freeze-dried Kits, glacial acetic
acid (0.1 mL) and freshly eluted Na'®*ReQ, (3
mL, ~185 MBq) from a *®W/**®Re generator
was mixed and transferred into kit vial 1. The
vial was gently shaken to dissolve the contents
and then incubated at room temperature for 30
min to obtain [**®ReN]*" intermediate. In step
two, kit vial 2 was reconstituted with sterile
saline (2 mL) and 1.5 mL of the reconstituted
solution was transferred into vial 1 containing
[*®8ReN]?* intermediate. The two solutions are
thoroughly mixed and incubated at 70°C for 20
min to obtain '*ReN-DEDC complex. After
cooling the vial to room temperature, lipiodol
(3 mL) was added to kit vial 1. The contents of
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Figure 3. Typical clinical images of a liver cancer patient obtained at
4h, 27h and 50h after injecting ~50mCi of **¥ReN-DEDC/lipiodol by TARE procedure

the kit vial were thoroughly agitated in a vortex
mixture to effect maximum extraction of the
lipophilic '®ReN-DEDC complex into the
lipiodol phase. The lipiodol phase containing
188ReN-DEDC complex is used for therapy of
liver cancer by TARE procedure. Using this
kit, *®®ReN-DEDC complex could be prepared
in >80% radiochemical purity and >95%
extraction in lipiodol phase could be achieved.

The two-vial kit for the preparation of
188ReN-DEDC/lipiodol is in the process of
obtaining regulatory approval from
Radiopharmaceuticals Committee (RPC) for its
production and supply to various nuclear
medicine centers across India through Board of
Radiation and Isotope Technology (BRIT),
Vashi.

BARC

Limited clinical Evaluation

After obtaining necessary hospital ethical
committee clearance, limited clinical trials of
188ReN-DEDC/lipiodol, prepared using the
two-vial Kkits developed in BARC, was carried
out in Tata Memorial Hospital (TMH),
Mumbai, and, Kovai Medical Centre and
Hospital (KMCH), Coimbatore. Preliminary
results of the clinical trials are satisfactory and
as per expectations. Typical clinical images of
a liver cancer patient obtained at different time
intervals during the course of therapy are
shown in Figure 3.

From Figure 3, it could be noted that activity
deposited in liver by tare procedure is retained
even after 50h post injection (blue arrow). It is




also important to note that there is no
significant accumulation of activity in any
other part of the body, especially the lungs and
kidneys. At present, extensive dosimetric
studies of this agent is being carried out at
KMCH, Coimbatore.

Making the two-vial kit more user-friendly!
As mentioned in the previous section, the
preparation of '®ReN-DEDC complex using
two-vial kit required addition of stipulated
volume of glacial acetic acid for efficient
preparation of the [**®ReN]** intermediate. An
error by the radiopharmacist in this step can
potentially affect the formation of [**ReN]*
intermediate as well as the optimum pH
required for the reaction mixture in the crucial
second steg, leading to low radiochemical
purity of *®ReN-DEDC complex. In routine
conventional radiopharmacy operations, an
“acetic acid free” procedure for the preparation
of '®ReN-DEDC complex could be more
reliable and reproducible, thus helping to avoid
any inappropriate usage of the
radiopharmaceutical.

In Radiopharmaceuticals division, we
devised a simple strategy to solve this problem
by including a buffer of pH 3 in the kit vial
itself to create a conducive environment for
[*%8ReN]?* intermediate formation. The basis of
this strategy was the observation that disodium
oxalate, salt of oxalic acid, is a constituent of
kit vial 1 discussed above [2] and by including
calculated amount of oxalic acid, it is possible
to construct a buffer of pH = 3, which would
then eliminate the need of adding glacial acetic
acid.

We prepared a freeze-dried oxalate
buffer kit of strength 0.5M and used it for the
preparation of [***ReN]** intermediate. The
only difference in the procedure for the
preparation of [**®ReN]*" intermediate using
oxalate buffer kit was that there is no need to
add glacial acetic acid. The formation of
[*%8ReN]?* intermediate using oxalate buffer kit
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and its radiochemical purity was determined by
HPLC. Figure 4 shows the formation of
['®®ReN]?* intermediate as a function of
incubation time at room temperature. For
comparison, [**®ReNJ** intermediate prepared
by glacial acetic acid method is also shown in
Figure 4. It could be noted that using 0.5M
oxalate buffer kit, ~96% formation of
[*®8ReN]?* intermediate was complete as early
as 5 min. No further improvement in RCP was
observed. By conventional method, however,
only about 28% [*®*ReN]*" intermediate
formation was complete during the same time
interval. After 30 min incubation at room
temperature, RCP of [*®®ReN]*" intermediate
prepared by conventional method approached
that of 0.5M oxalate buffer kit. Typical HPLC
elution profile of [***ReN]*" intermediate
prepared by glacial acetic acid method and
oxalate buffer method is shown Figure 5. It
could be noted that there is no difference in the
HPLC elution profile of [“*®ReN]*
intermediate prepared by either methods.

100 4

90 =

70
—&— (.5M Oxalate buffer kit
604 / #— Conventional method using
i glacial acetic acid

% Radiochemical purity

T T T T T T
5 10 15 20 25 30

Time (min)

Fi%ure 4. Variation in radiochemical purity of
[**ReN]**  intermediate  prepared by
conventional glacial acetic acid method and
using 0.5M Oxalate buffer kit as a function of
time

Subsequently, the ®8ReN-DEDC complex was
prepared  from  [*®ReN]** intermediate
prepared using oxalate buffer kit (0.5M). We
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Figure 5. Typical HPLC elution profile of [*®*ReN]** intermediate prepared by (Top) glacial acetic
acid method and (Bottom) 0.5M Oxalate buffer after 30 min incubation at room temperature

observed that *ReN-DEDC complex could be
consistently prepared in >80% RCP. In
addition, the ®*ReN-DEDC complex prepared
by both methods showed >95% extraction into
lipiodol phase.

The novel oxalate buffer method has
led to a significant simplification of the
procedure required for in-house production of
this therapeutic agent. Considering that routine
manipulation of high-energy B-emitters always
constitutes a significant health hazard for
operators involved in this type of
radiopharmaceutical preparations, the more
user-friendly kit  described here could
contribute to drastically decrease the radiation
exposure, particularly when used in a busy
hospital radiopharmacy. Process to obtain
regulatory clearance for the manufacture and
supply of oxalate buffer kits for the preparation
of 1*®ReN-DEDC/lipiodol has been initiated.

BONE PAIN PALLIATION

188Re-HEDP for bone pain palliation

Bone metastasis is common in patients with
cancer of prostrate, breast, lung, bladder and
thyroid. Problems associated with bone
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metastasis include severe pain, pathological
fracture, spinal cord compression etc., which
can compromise the quality of life of the
patient by affecting mobility and sleep. Clinical
management of pain itself can significantly
improve the quality of life of the patient.
Radionuclidic therapy is one of the modalities
widely being practised for bone pain palliation.
This involves selective delivery of radiation
dose to the affected bone lesions, which are
responsible for pain to the patient.
Bisphosphonates are by far the most
widely explored molecules for preparing bone
seeking radiopharmaceuticals [14]. HEDP is
one such phosphonate which has shown strong
adsorption on hydroxyapatite, the major
constituent of bone, in vitro [15]. Liepe et al.
reported a comparative study of surface bone-
seeking radiopharmaceuticals ®°Re-HEDP,
188Re-HEDP, ™3Sm-EDTMP (EDTMP -
ethylene diamine tetramethylene phosphonic
acid) and the volume seeker ¥Sr (as ®°SrCly)
for the treatment of skeletal metastases [15].
This  study concluded that all the
radiopharmaceuticals are helpful in rendering
pain relief to the patient with no significant




difference in their therapeutic efficacy or
toxicity [15]. The clinical efficacy of the above
radiopharmaceuticals for bone pain palliation
being similar, the choice may be made on the
basis of relative logistical advantage and cost
factor of the radiopharmaceutical. In this
context, ‘*®Re-HEDP enjoys advantage since it
can be prepared “on demand” in any hospital
radiopharmacy housing a *®®W/***Re generator.
In this context, availability of a freeze-dried kit
for the preparation of *®Re-HEDP would be of
great help for easy and efficient preparation of
this  radiopharmaceutical in a  busy
radiopharmacy.

Freeze-dried HEDP kits

Formulation of a lyophilized HEDP Kkits for the
preparation of '®®Re-HEDP was initially
reported by Verdera et al [16]. Later,
Marczewski et al. reported a liquid Kit
preparation for the same purpose [17]. Practical
difficulty associated with liquid kit formulation
involved its shelf-life (approximately 9 days)
and logistics associated with its transport to
distant places.

There is a wide variation in the amount
of HEDP, gentisic acid and stannous chloride
dihydrate in the freeze-dried HEDP Kits
reported by different groups for the preparation
of '®Re-HEDP [16-18]. In the present work,
although the amount of reagents used were
similar to that reported by Verdera et al., there
is significant difference between the two
formulations. While rhenium carrier (300 pg
potassium perrhenate; total rhenium metal
content 193 pg) was included in the lyophilized
kit formulated by Verdera et al., no rhenium
carrier is included in the kit vial reported
herein. This was done to avoid the possibility
of the Sn*? ions being consumed by carrier
rhenium in the kit, which could ultimately
affect the shelf-life of the Kit.

Procedure for the preparation of freeze-
dried HEDP Kkits without carrier rhenium was
optimized. Six consecutive batches of freeze-
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dried HEDP kits were prepared to demonstrate
the robustness of the procedure. Randomly
selected kits from all the six batches were
subjected to thorough quality control tests
before declaring fit for use in clinical
applications. A proposal was submitted to RPC
to obtain regulatory approval for the
manufacture and supply of these Kits to various
nuclear medicine centres through BRIT, Vashi.
Freeze-dried HEDP kit is now a RPC approved
radiopharmaceutical kit for the preparation of
188Re-HEDP for bone pain palliation (Fig. 6).

T

Fi_ngr:e 6. Eréeze-dried HEDP Kits

Kit procedure for the preparation of ®Re-
HEDP

Typical procedure for the preparation of **Re-
HEDP using freeze-dried HEDP kit is as
follows. About 1 pmol (in ~100 pL) of
perrhenic acid (HReO4) or ammonium
perrhenate (NH4ReO.) supplied along with the
freeze-dried HEDP kit was thoroughly mixed
with 1 mL of freshly eluted Na'®*ReQ, from a
188\\/'%Re generator. This solution was
aseptically transferred to the sterile HEDP kit
vial. Subsequently, the kit vial was heated at
100°C for 15 min. After cooling the vial to
room temperature, pH of the preparation was
adjusted to physiological level by adding
sodium acetate solution (0.5 mL) supplied with
the kit. The '®Re-HEDP complex thus
prepared should pass the necessary quality
control tests before it can be injected into the
patient.




Table 1. Quality control check list for ***Re-HEDP prepared using lyophilized kit

QC parameter

Results obtained

Determined by

Appearance Clear Visual inspection
Colour Pale yellow - amber Visual inspection

pH 5-6 Non-bleeding pH paper
Radiochemical purity >95% ITLC-SG

TLC-SG in Acstone ™

18Re-HEDP +'%Re0,

[TLC-SG in Saline =

1%8Re-HEDP +'%*ReQ;

-| Likely position of
-- | 188Re0, if present

1
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Fig. 8. Typical whole-body scan of a patient obtained 24 hours after ‘**Re-HEDP injection.
The scan shows extensive bone metastasis.
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Quality control parameters (Table 1) for
188Re-HEDP include visual inspection of the
preparation to determine clarity and colour,
followed by determination of pH and RCP. The
RCP of **Re-HEDP should be >95% to pass
the quality control check. Typical ITLC-SG
pattern of '®Re-HEDP in saline and acetone is
shown in Figure 7.

Clinical evaluation

Clinical evaluation of '*Re-HEDP prepared
using freeze-dried HEDP kits were carried out
in various nuclear medicine centers in India,
including, Tata Memorial Hospital, Mumbai,
Radiation Medicine Center, Mumbai and
Kovai Medical Centre and Hospital,
Coimbatore.  The clinical results are
satisfactory and in expected lines. Patients
injected with '®Re-HEDP experienced the
onset of pain relief within a week and pain-free
period lasted for several weeks. A typical
clinical image obtained with '*®*Re-HEDP is
shown in Figure 8.

A significant advantage with BARC HEDP Kkits
discussed here compared to the commercial
HEDP kits is that the former kit can be used
with up to 5 mL of freshly eluted **®Re-activity
while the latter kit is restricted to use only 2
mL of activity. This feature of BARC HEDP
kits comes in handy at the fag end of generator-
life when radioactive concentration (RAC) or
activity per millilitre available from the
generator decreases drastically. It can be
explained further with a real scenario
in a hospital radiopharmacy. A hospital
radiopharmacy having access to ‘*®Re-activity
of RAC 10 mCi/ml requires just a single
BARC HEDRP vial to prepare a patient dose of
~50 mCi (5 mL x 10 mCi). At the same time,
due to volume limitation in commercial HEDP
kit vial which is 2 mL, the radiopharmacist will
be forced to use two HEDP vials to prepare the
same patient dose. This may result in
escalation of cost of therapy as well as dose
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received by the radiopharmacist during
radiopharmaceutical preparation.

Conclusions

In a nuclear medicine centre, initial
investments required to start a diagnostic or
therapeutic program and the returns expected
from the program are prime considerations.
Considering relatively high cost of *#W/**®Re
generator, it is important to use the generator
for as many applications as possible so that the
program is  self-sustainable.  Therefore,
improving  the  ‘*®Re-radiopharmaceutical
portfolio for therapeutic applications is very
essential. The rhenium radiopharmaceuticals
development program in Radiopharmaceuticals
Division, Bhabha Atomic Research Centre, is
essentially aimed at improving the '®Re-
radiopharmaceutical portfolio at an affordable
cost. Development of freeze-dried DEDC Kits
for the preparation of ‘*®ReN-DEDC/lipiodol
for the therapy of inoperable HCC, along with
other freeze-dried kits such as HEDP Kkits, is a
timely step in the ri%ht direction, which will
help  boosting  '®Re-radiopharmaceuticals
program in India.
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Abstract: The Advanced Heavy Water Reactor(AHWR) [1-2] is being designed with advance safety features
and closed fuel cycle, where full length fuel cluster is designed to have high discharge burn-up fuel (40-60
GWad/Te) with on-power refueling. The in-core fuel management and initial core optimization problems for
AHWR are quite different from conventional reactors like Pressurized Heavy Water Reactors (PHWRs) and
Light Water Reactor (LWRs). The in-core fuel management of AHWR needs to be a suitable combination of
fuel management practices observed in PHWRs and LWRs. Therefore, on-power refueling scheme for in-core
fuel management of AHWR was developed. Different modern algorithms like Genetic Algorithm (GA) [3-4]
and Estimation of Distribution Algorithms (EDA) [5] were applied to optimize the initial core of AHWR.

Introduction

As a step towards developing technologies for Th-
2% based next generation reactors, AHWR is
being designed. Purpose of AHWR is to design a
unique reactor with all the advanced safety features,
where Thorium based reactor technologies will be
used and developed by utilizing past experience
and expertise of PHWRs & LWRs. The distinctive
fuel cycle of AHWR necessitates the development
of on-power refueling scheme for efficient fuel
utilization in initial phase, transition phase and
equilibrium phase. Brief descriptions of the
problems like in-core fuel management for AHWR
as well as initial core loading pattern optimization
(LPO) of AHWR and development of optimization
techniques to address the problems is given below.

In-core fuel management for AHWR

Reactors with batch refueling like pressurized water
reactors (PWRs) and boiling water reactors
(BWRSs) require loading pattern optimization (LPO)
for proper utilization of fuel. In case of heavy water
reactors like PHWRs, the refueling scheme is
relatively simple mainly due to on-line refueling,
use of small length bundle and NU as fuel. The use
of NU as fuel, small length fuel bundle and
flexibility of multi-bundle shift scheme helps in
controlling the ripples in power due to on-power
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refueling. The AHWR has features of both PWRs
(high discharge burn-up fuel) and PHWRs (on-
power refueling) and has several inherent passive
safety features. The AHWR has flexibility to use
(Th, U, Pu) MOX or (Th, LEU) MOX as fuel with
boiling light water as coolant and heavy water as
moderator. However, during on-power refueling
with full length channel and high enrichment fuel,
the challenge is to control the on-power refueling
ripples and maintaining the power distribution close
to design power distribution and maintain all the
operational parameters within their design limits.
The on-power refueling strategy with an objective
to control the flux distribution and hence power
peaking was developed for AHWR. In the AHWR
refueling scheme, each refueling operation should
be followed by one or two reshuffling operations so
that refueling ripples are contained within their
design limit. The on-power refueling scheme
requires selection of two / three channels (one for
refueling and one/two for reshuffling) at each
refueling. For selecting two appropriate channels
from a core consisting of ~444 fuel channels, we
have to study *“P, number of possible
combinations. Simulation of all these combinations
and finding out the best one seems very
cumbersome and time consuming. The best
combination found out this way will be used for
one refueling only. For every refueling one has to




simulate same number of combinations. Selection
of suitable channels for refueling and reshuffling is
a complex problem. In our work, we have
introduced a concept of refueling factor and
reshuffling factor for each channel in reactor.

We have defined refueling factor (RF) as:-

RF = K—2—— Q)
D-CP-C1-C2

Here, ‘K’ is proportionality constant. The value of
K can be taken as 1. Where ‘CP’ is channel power
of channel, ‘C1’ is average power of 1% neighbors
of channel and ‘C2’ is average power produced by
2" neighbors of channel. All the channels are
arranged in descending order of their refueling
factors. The preference order for channels to be
discharged has been decided.

We have defined reshuffling factor(Resh F) as:-

ReshF =0 ifB<§orB>(1.5-G)

D
B-CP-C1-C2

if §<B<(1.5-G) @)

Where ‘G’ is core average burnup.

It is to be noted that in the above burnup range, the
channels which are having lower burnup and
present in low flux regions will be more suitable
candidates for reshuffling. These factors will give
the priority for a particular cluster for refueling and
reshuffling and are assigned to each fuel cluster of
the core. A computer program CARS (Code for
Automated Refueling Strategy) [6] has been
developed, where the selection of fuel channels for
refueling/reshuffling has been automated. The
program was developed such that the fuel cluster
which has achieved its target discharge burn-up is
selected for discharge on priority keeping the
power peaking in control. Fig 1 shows the
maximum channel power (MCP) behavior with full
power days (FPDs) for simulations carried out
using CARS. Several 3D diffusion calculations are
required for simulating all these refueling schemes.
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Parallel processing on shared memory interface has
been used to reduce the time for fuel cycle study for
AHWR. Table 1 shows the comparison study of
design parameters before using CARS and after
using CARS.
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1000 2000 3000 4000 5000

Full Power Days (FPDs)
Fig 1: MCP vs full power days using CARS

Initial core Optimization of AHWR

The loading of only one type of fresh fuel (say
equilibrium core cluster) in the initial core shall
give centrally peaked flux distribution. However,
flat flux distribution is required for maximizing the
power output from a given initial core loading.
Therefore, initial core loading needs at least two
types of differentially reactive clusters to achieve
flat flux distribution from the initial core.
Moreover, the equilibrium core cluster is highly
reactive as it has been designed for a discharge
burn-up of 40 GWd/Te, therefore its loading in
initial core of AHWR will require a large quantity
of neutron poison in moderator to suppress its
excess reactivity. Presence of large amount of
neutron poison in moderator will adversely affect
different reactivity feedbacks and worth of
reactivity devices and shut down system (SDS).
Therefore, two initial core clusters (containing
lesser fissile content) namely type-1 and type-2
were designed for initial core loading of AHWR.
The loading of two types of initial core clusters in
the AHWR initial core is a combinatorial
optimization problem. The objective is to find out
the location and number of channels of different
types of fuels to be loaded for a flat power
distribution and maintain reactivity worth of




Table-:1 Comparison of core key parameters for different refuelling schemes

Refueling MCP MMP Dis<_:harge burnup In-co_re_ excess

Scheme adopted ~ (MW) (kw) achieved reactivity
(GWd/Te) maintained (mk)

Without CARS  2.5<MCP<6.9  140<MMP<380 55 ~10

With CARS 2.5<MCP<2.85 140<MMP<180 59 ~10

Table-2 Properties of optimized loading pattern

?)/Il?'xéctive K-eff McP - MMP \SAISOSTT o Type-1 Type-2
Jec (MW)  (KW) Clusters  Clusters

function (mk)

1.00953 1.00953  2.58 154 63.1 356 88

reactivity devices close to or better than the design
values while maximizing core excess reactivity or
k-effective. This type of problem can be solved by
defining one objective function and then maximize
or minimize it. For AHWR initial core, penalty
method has been used to define the objective
function [7-8].

The objective function (OF) for this problem is
defined as

OF = (4, - keff) — A,(MCP — 2.6) — A;(MMP —
200) — A,(63.0 — worth ofSDS1) (3)

Where Ay, Ay, Az and A, are constants and its value
is based on few test simulations [9]. The maximum
channel power (MCP), maximum mesh power
(MMP) and shut-down system (SDS) worth limit
for initial core have been considered as 2.6 MWth,
200 KWth and 63.0 mk respectively.

Modern  optimization  methods based on
evolutionary algorithms are frequently being used
for fuel loading pattern optimization problems. In
modern optimization algorithms, a two step
procedure is followed. In first step, a pool of
randomly generated solutions is evaluated and in
second step, new set of solutions is generated by
considering feedback from the current evaluations.
We have developed a computer code based on
estimation of distribution (EDA) [7-8] to optimize
the initial core of AHWR. The distributed memory
parallel computer system AGGRA at BARC was
used for parallelization. In EDA, we start with an
initial probability distribution function and generate
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probable pool of candidate solutions based on this
probability distribution function. After evaluation
of the objective function value for all the candidates
in the present sample, the probability distribution
function is modified by giving some weight to
current best solutions. The most basic form of EDA
has been given below:-

Step-1: Generate a population (N) of different
loading patterns based on initial distribution
function. This population consists of solution
candidates for fitness estimation. In each
generation, same population size (N) is maintained
and is evaluated. However, the candidates in the
pool are modified from the feedback given by
previous generation.

Step-2: Simulate all the candidates of this
population by solving diffusion equation using
FEMINA [10] and objective function for all the
candidates are evaluated.

Step-3: Select best M <N candidates based on
objective function values

In present study, M is considered as 25% of N.
Step-4: The distribution function (DF) for
generating loading pattern is modified

DF (t+1) =DF (t) - (1-a) +a - X

where, ‘o’ (weighing factor) is a constant and its
value is between 0 and 1. ‘t’ represents the
generation.

Where X = % YMXi(D)




Xi(t) is 0 or 1 based on the loading of a particular
fuel in fuel lattice location.

Step-5: Again generate the population of different
loading patterns based on new distribution function
Step-6: Go to step-2 and repeat the cycle till
optimization is achieved

Suitable values for various internal parameters like
population size and weighing factor (o) in each
generation for AHWR initial core loading pattern
optimization problem have been estimated in EDA.
The same problem of AHWR initial core LPO was
also solved by using Genetic algorithm (GA) [7].
The first two steps of the GA are similar to EDA,
however, in the third step, two person tournament,
the selection is done for creating the mating pool.
New candidates of population size N is generated
by using uniform cross-over operator between
different candidates of mating pool. And this
process is repeated till optimization is achieved. In
the study, we have observed that by considering
proper choice of internal parameters for GA too,
same initial core loading pattern is achieved. Table-
2 describes the properties of optimized loading
pattern. It is observed that the optimized LP meets
the design conditions of MCP and SDS worth. The
excess reactivity observed is also better than earlier
optimized two zone patterns by hit and trial.

Conclusions

A computer code CARS (Code for AHWR
Refueling  Strategy) for the in-core fuel
management is developed. The CARS provides a
set of fuel clusters for replacement with fresh ones
and another set of fuel clusters for reshuffling
within the core at their pre-determined locations at
every stage of core follow-up. The CARS has
reduced all the manual work for the selection of
fuel clusters for refueling. It has been able to
enforce the selection criteria strictly to improve the
quality of fuel management and reduce the time
taken for completing the job by a few order of
magnitudes.

For initial core optimization problem for AHWR,
two modern optimization algorithms based on GA
and EDA have been developed for AHWR initial
core loading patterns. The optimum value of
internal parameters for both the algorithms was
estimated and the initial core of AHWR was
optimized.
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Abstract. The first infrared beamline at the Indian synchrotron radiation source, Indus-1 has been designed,
fabricated and installed based on extensive beam extraction and propagation simulations and a comprehensive
facility for spectroscopy has been developed. The development of beamline, lab based facilities and research on
technologically and bio-geologically important molecular solids were taken up in parallel. The proton dynamics
of strong hydrogen bonds across the potential barrier under extreme thermodynamic conditions of high pressure
(upto 30 GPa) and low temperature (upto 4.2 K) were examined in the family of oxalic acid, the simplest
dicarboxylic acid and glycine, the simplest amino acid, which are abundant in planetary gasses and ices. Upon
reaching the symmetrization limits, the subtle, drastic and as well as rare high pressure behaviours depicted by
these systems, of great relevance to basic physics, crystal engineering and biology, indicate that they can be the
model systems to study proton dynamics in complex bio-geological processes.

Keywords: Hydrogen bond, dynamics, infrared beamline, spectroscopy, synchrotron, glycine, oxalate, high

pressure.

Introduction

Hydrogenous materials such as water, organic acids
and minerals (the fundamental constituents of life)
under extreme thermodynamic conditions are of
immense importance to the understanding of bio-
geological processes in earth’s interior as well as
other celestial bodies. Hydrogen bonds play a
decisive role in their structural stabilization. For
example, at high pressures, the structure of non-
molecular phase of ice (~100 GPa) is predicted to
be stabilized by a symmetric hydrogen bond
formed through translational proton tunneling.
However, because of the high barrier in the
potential energy, in general, localized proton at the
hydrogen bond centre and proton transfer are rare
events or dynamical  bottlenecks.  These
fundamental problems have direct relevance with
various bioprocesses and applications.

Glycine, the building block of proteins, provides
vast opportunities to understand proton dynamics in
the complex bio-geological processes in nature
where inter-molecular interactions are governed by
diverse chemical environments. Among various
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carboxylic acids, only oxalic acid yields
crystallized salts with glycine in different
stoichiometries from either slow evaporation or
other techniques. The hydrogen bonded networks in
these complexes are also ideal to look for novel
structures like ferroelectric/ non-linear optic
materials or dynamic polymers through hydrogen
bond assisted supramolecular assembly, a path
adopted in nature for bio-material synthesis.
Glycine and oxalic acid complexes form a special
class as these compounds contain very strong
hydrogen bonds which are in the limit of
symmetrization even at ambient conditions. Infact,
oxalates are capable of forming strong hydrogen
bonds in various complexes including in its
ambient structure as dihydrate. Oxalic acid
dihydrate (OAD), although a benchmark hydrogen
bonding and crystallographic system, remains one
of the most debated compounds in molecular solids
for nearly a century with regard to proton
dynamics.

The present work reviews the proton dynamics
studies under high pressure in glycine and oxalic




acid family of crystals [1-5], we claim to have
solved the long standing debate on proton dynamics
in oxalic acid dihydrate (OAD) by demonstrating a
complete mechanism of proton transfer and effects
on the cooperative molecular structure. In addition,
a novel mechanism of the ‘rare’ pressure induced
hydrogen bond symmetrization has been proposed
in glycinium oxalate (GO) using experiments as
well as theory. Possible phase transitions to the
technologically important structures in
feroelectricity and supramolecular engineering has
also been discussed in Bis(glycinium)oxalate
(BGO) and GO respectively. For such studies on
proton dynamics and its influence on molecular
structure under pressure, Infrared (IR) spectroscopy
is the preferred technique because of the difficulty
with structural methods, viz. X-ray/heutron, to
monitor hydrogen positions at high pressures (even
deuteration can vary wavefunctions and dynamics).
However, high pressure IR investigations using
diamond anvil cells demand a high brilliance of the
probing beam to be focused on a spot of the order
to tens of microns. Synchrotron radiation is the
ideal source for IR microscopy and therefore a new
IR lab for comprehensive condensed matter
research and an IR beamline have been developed
at Indus-1 synchrotron source. Hence, both the
works of development of the IR beamline and
initiating the studies on proton dynamics were
taken up in parallel and are described in this paper.

Development of IR beamline:

The high brightness of synchrotron radiation in the
infrared region as compared to the thermal sources
comes from the very small size of the source and
the directional property of the emitted radiation
(narrow emission angles). The spectrum of a
bending magnet radiation is uniform in the
horizontal plane of emission. But in the vertical
plane, it is strongly wavelength dependent and the
cross section of the “fan’ emitted is systematically
filled with higher wavelength contributions as one
moves away from centre (Fig.1). For wavelengths
significantly longer than the critical wavelength (A,
=61 A, i.e. ~ 202 eV for Indus-1) of the storage
ring, the characteristic angle 6, depends upon the
wavelength A as ~ (\/p)™3, where p is the radius of
curvature of electron trajectory. Hence an
optimization of the acceptance angle becomes
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crucial to extract the high wavelength infrared
components from the storage rings.

Verteal Pogition

Fig. 1: (Top to bottom) Extracted beam profiles
(cross section) as calculated for A= 50 pm at Indus-1
with 35 mradbeamport opening; focussed spot
(nearly 300 um)

Indus-1 commissioned in 1999, operates at 100 mA
beam current with beam lifetime of ~1.8 hours. The
IR beamline is installed at the 10" port of dipole
(DP-4) and integrated with a FTIR end-station (Fig.
2). The first mirror can be conveniently placed
close to the beamport so that the radiation can be

Experimental
Station

[F=T)<
o

Fig. 2: (top to bottom) Optical layout of beam
extraction and transport upto the experimental
station of beamline - showing IR microscopy for high
pressure, cryogenic system, FTIR interferometer,
Lig. He Bolometer detector etc.




collected over a large vertical and horizontal
emission angle, which makes it possible to obtain
both horizontal and vertically polarized IR radiation
from the source, which is very difficult to obtain
from a thermal source. With the acceptance angle
of 35 mrad, vertical collection of radiation covering
the complete mid infrared region became possible
at Indus-1.

An analysis of the 100% gold reflection lines shows
that for synchrotron source, the signal to noise ratio
(SNR) depicts relatively much smaller decline as
compared to the thermal source, upon reducing the
microscopic aperture. This gives nearly an order of
magnitude higher signal to noise ratio for smaller
focused spots. Various other developments have
been carried out at the experimental station, which
make it a unique national facility for in-situ high
pressure, low temperature, imaging and
polarization dependent IR measurements (Fig. 2).
The above efforts are well complemented with the
development of a very high resolution (~ 0.0012
cm™) IR lab at BARC for spectroscopic studies of
molecules and transient species in absorption (using
normal and indigenously developed long path cell)
and transmission (using electrodeless discharge
lamps and hollow cathodes) modes.

High pressure studies of molecular crystals
Colourless single crystals were grown by slow
evaporation from an agueous solution containing
stoichiometric ratios of glycine and oxalic acid. The
samples were characterized using single-crystal
XRD, neutron diffraction, Raman and IR
spectroscopy.

For IR studies, an indigenously developed clamp
type symmetric DAC was used with an IR
microscope coupled to Bruker Vertex 80V FTIR
equipped with various sources and beamsplitters,
installed at the experimental station of IR beamline
at Indus-1. LN,-cooled MCT detector was used for
the complete mid-IR range. All the studies were
initially carried out using thermal source, which
was followed by using the synchrotron source in
some of the cases. Polycrystalline sample in Csl
matrix along with a couple of ruby balls was loaded
in a 150 um hole of a tungsten gasket preindented
to a thickness of ~60 pum for absorption studies.
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Pressure calibration was done using ruby
fluorescence.

High pressure Raman studies were carried out in an
existing facility, based on confocal micro Raman
setup in back scattering geometry, configured
around JobinYuon (HR 460) spectrograph. Mao
Bell DAC was used for Raman and support studies
using XRD. The results are well complemented
with  first  principles  molecular  dynamics
simulations using VASP code.

Proton Migration in OAD

Oxalic acid dihydrate, an important molecular solid
in crystal chemistry, ecology and physiology, is
being studied for nearly 100 years now. The most
debated issues regarding its proton dynamics have
arisen due to an unusually short hydrogen bond
between the acid and water molecules (doi-—ow ~
243 A, 20,HO, ~ 177°. In O;-H---O,, the
acceptor O, (oxygen atom of water) also acts as a
donor for the carbonyl group of subsequent OA
molecule, forming a chain, —C-O;-H---Oy-H,,---
0,=C-. The alternate hydrogen bonded chain
causes a net decrease in O---O through the well
knowncooperativity effect of hydrogen bonds. Due
to this enhanced strength, the initial beliefs, which
date back to 1930s, of observing a proton transfer
state of oxalic acid dihydrate at ambient conditions
were ruled out by a number of studies in
subsequent decades. Though, X-ray and neutron
studies have also been reported under pressure,
hydrogen atom positions could not be
unambiguously determined which could affirm the
thermodynamic conditions for proton motion.

Using combined in-situ spectroscopic studies and
first-principles simulations at high pressures, we
found that the structural modification associated
with this hydrogen bond is much more significant
than ever assumed [1]. Initially, under pressure,
proton migration takes place along this strong
hydrogen bond at very low pressures of 2 GPa (Fig.
3). This results in the protonation of water with
systematic formation of hydronium ion and
dianionic oxalate, thus reversing the hydrogen bond
hierarchy in the high pressure phase Il (Fig. 3). The
resulting hydrogen bond between hydronium ion
and carboxylic group shows remarkable
strengthening under pressure, even in the pure ionic
phase Il as seen from the softening and dampening




of the v1 hydronium mode (Fig. 3). The oxalic acid
molecule also shows various changes due to
transition from neutral to dianionic species, for
example vanishing of Fermi resonance between C-
O and C=0 as observedfrom the merging of the
two IR modes into one band. The loss in the
cooperativity of H- bonds leads to another phase
transition at ~ 9 GPa through reorientation of other
hydrogen bonds. High pressure phase 1V is
stabilized by a strong hydrogen bond between the
dominant CO, and H,O groups of oxalate and
hydronium ions respectively. The findings suggest
that oxalate systems may provide useful insights on
proton transfer reactions and assembly of simple
molecules under extreme conditions.
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Fig.3: (top) Asymmetrization of H-bond on proton
transfer, (bottom) High pressure IR spectra shows (a)
softening of O-H stretch modes, (b) vanishing of OH
signatures from OA and (c) evolution of H;O" IR
mode
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Hydrogen  bond  symmetrization aiding
supramolecular assembly in GO

Glycinium oxalate (GO), the simplest amino acid-
carboxylic acid complex crystallizes in monoclinic
structure with space group P2;/c and four formula
units per unit cell (Z=4). It possesses a nearly linear
and strong 0O3-H7---O6 hydrogen bond (do--o
~2.54 A, dy.0 ~1.65 A and ZOHO =177°) between
semioxalate molecules in a columnar arrangement
along the b-axis (Fig. 4). These semioxalate
(HC,O4) columns hold the head to tail linked
glycine (NH3CH,COOH) sheets in the ac-plane via
other hydrogen bonds to form the three dimensional
network. We have studied the proton dynamics of
this strong 0O3-H7---O6 hydrogen bond under
pressure, beyond the symmetrization limit up to ~
20 GPa [2].

Under compression when the proton moves close to
the mid-point of a very strong hydrogen bond O-H-
--O, the system becomes highly anharmonic
leading to OH instability and resulting in
remarkable dampening of vOH (stretching) mode
(~2360 cm™ for GO) (Fig. 4). A large red shift of ~
250 cm™ up to 2.5 GPa in vOH mode (from theory
and ambient reflectance) and a substantial reduction
in the 03---06 distance (dos-os< 2.5 A, see Fig. 4)
implies that this hydrogen bond is strengthened
under pressure and is on the verge of approaching
symmetrization limit. The bond parameters
obtained from MD calculations (total 12000
equilibrated configurations, in 1 femto-second time
steps used at each pressure to generate the
dynamical picture) show that the spread of proton
distribution reduces with pressure and shifts
towards the bond mid-point. The large softening of
vOH mode, as approximated by a power law fit (v ~
[A(P.-P)]°*) for the soft mode gives P~ 8.15 GPa
as the pressure corresponding to vOH mode
instability. At pressures close to 10 GPa, the
distance  between  oxygen atoms, dos_.o0s
continuously reduces to ~2.4 A, accompanied by an
increase in the covalent bond length (dos.t7),
decrease in the hydrogen bond length (dy7-os).
However, #OHO remains close to ~180°. The
probability of crossing the mid-point through
proton hopping increases with pressure and is
already significant at ~ 10 GPa. This implies proton
sharing between the closely overlapped potential
minima in which the proton hops between the two




sites, which mimics the proton being at the mid-
point. The consequent proton sharing between the
two semioxalates would result in the emergence of
neutral oxalic acid like spectral features, which
have also been confirmed from the Raman and
infrared modes.

We also note a relative increase in the background
of the observed IR band profile above 2 GPa (See
Fig.4). Such broad envelopes, resembling a
continuum arise due to large vOH dampening and
ride over the background of wvarious other
fundamentals. Its centroid shifts to lower
frequencies (up to ~ 1000 cm™ at 18 GPa), at an
increased rate above 8 GPa and the extent of this
band crosses the lowest 600 cm™ mark to enter
even in the far IR regions at higher
pressures.Above 12 GPa, the evolution of broad
envelopes in N-H stretching regions, behavior of N-
H---O H-bonds and the observed transition in
glycine conformation from bent to planar have
suggested the formation of a supramolecular
assembly in GO assisted by N1-H4---04=C3
interactions at high pressures where glycine
hammocks (in ac-plane) are tied to the infinite
symmetric H-bonded oxalate poles (b-axis).
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Fig. 4. Left: IR spectral features (broad absorption
background shown as dashed lines) of the soft mode;
Right (top to bottom): O3-H7---O6 hydrogen bond
which symmetrises under pressure; Proton position
at high pressures, here =0 is bond mid point; O-H
and O---O lengths with pressure (vertical bars-
hopping probability)
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Novel phase transitions in BGO
Bis(glycinium)oxalate, another organic complex of
glycine and oxalic acid family has a very short and
strong O-H---O hydrogen bond (H---0=1.3 A, O---
0=2.461 A) between glycinium and oxalate ions.
Our high pressure studies of BGO indicate
structural transformations across 1.6 and 4.5 GPa
due to reorientation of H-bonds [3]. The appearance
of Raman active modes in the IR spectra (Fig. 5)
and vice versa above 1.6 GPa confirms that glycine
molecules have become non equivalent leading to
loss of centre of symmetry (implies breakdown of
principle of mutual exclusion) and hence a non
centrosymmetric high pressure phase. Softening
followed by discontinuous shift of vO-H mode
suggest that, in the high pressure phase above 1.6
GPa, though relatively weaker compared to that in
the parent phase, yet strong O-H---O bonds exist.
Further, high pressure dielectric studies suggest that
the pressure induced transition results in a possible
ferroelectric phase above 1.6 GPa, whereas low
temperature spectroscopic and single crystal X-ray
studies indicate that there is no phase transition
occurring at low temperatures.
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Conclusion

To summarize, we have studied proton dynamics of
strong hydrogen bonds under pressure in glycine
and oxalic acid family of complexes and set up
various  state-of-the-art national experimental
facilities for IR spectroscopic studies covering a
wide scientific domain. The findings of different
high pressure studies carried on these crystals
suggest that these systems can be the model
systems to understand proton dynamics as they
have depicted all the three and rare events of proton
transfer across the barrier (relevant to enzymatic
catalysis), a symmetric hydrogen bonded state
(relevant to water transport in earth’s crust and
basic physics) and hydrogen bond reorientation
inducing phase transformation to a possible
ferroelectric state at moderate pressures.
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Abstract: Novel polymeric composite beads encapsulating organic extractant (di-2-ethyl hexyl phosphoric acid
(D2EHPA) and 2-ethyl hexyl phosphonic acid (PC88A)) has been developed to separate and purify rare earths
(yttrium, dysprosium) from lean and secondary sources. The polyethersulfone(PES) based beads were
synthesized by non-solvent phase inversion technique. Rare earth separation studies by extractant encapsulated
polymeric beads revealed better (>97% Y(I1l)) recovery of rare earth elements from aqueous media when
compared with ion exchange process and have shown loading capacity upto 100mg of Dy / gram of dry beads.
These polymeric beads also have excellent stability and reusability under harsh experimental conditions
(vigorous mixing, strong acidity >50% HCI/H,SO, and 100 cycle application) with minimal loss of
encapsulated extractant (<2%) and has excellent potential for commercialization

The rare-earth elements (REES) are becoming
increasingly important due to their essential role in
permanent magnets, lamp phosphors, catalysts,
rechargeable batteries etc. Careful examination of
the current scenario in the field of rare earths
separation and purification including environmental
concerns indicates that there is an urgent need to
develop effective and efficient processes which not
only maximizes the separation but also minimizes
the environmental hazard associated with the
conventional processes[1]. Presently, the most
commonly used hydrometallurgical concentration
and purification methods in the mining industry for
rare earths separation are precipitation, liquid-
liquid extraction and ion exchange [2]. However,
the traditional solvent extraction process has
limitations such as requirement of large volumes of
organic solvents, diluents and saponification agent.
Solvent extraction is a complex process and creates
environmental concerns due to the use of hazardous
diluents [3]. Due to vexed problems of separation
of rare earths, last decade has seen phenomenal
growth in interest for developing a new extraction
system, including novel extraction material,
synergistic extraction system, membrane based
techniques and ionic liquid extraction, with
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improved efficiency and elimination of organic
waste release in aqueous streams. In this context,
solvent impregnated resins/beads are being
developed as attractive alternatives in separation
technology nowadays. The aim of the present work
is to prepare and evaluate the extractant
encapsulated polymeric beads for the sorption of
rare earths under variable experimental conditions.
Based on the batch experimental results, it was also
of interest to employ these polymeric beads for the
recovery of rare earths in continuous column
operation mode, which may establish the materials
potential to industrial level scale up.

An experimental set up (Fig.1) was prepared for
synthesis of extractant encapsulated polymeric
beads [4]. Initially, a PES solution was prepared by
dissolving polymer in n- methyl pyrolidone (NMP)
in a desired wi/v ratio. This prepared solution was
then added to suitable organic extractant
(D2EHPA) at definite polymer to extractant ratio
under stirring condition. The mixed polymer
solution was gradually dropped into the anti-solvent
(deionised water) bath through a nozzle of syringe
needle at an appropriate height. In the anti-solvent
bath the instantaneously formed droplets slowly




precipitated due to the phase inversion of relatively
dense polymeric backbone resulting in the
formation of PES beads impregnating extractant
[5]. These beads were then immersed and stabilized
in the water bath for 24 hours prior to their use.
Various types of polymeric composite beads with
different additives were prepared by the above
mentioned method under optimized preparatory
conditions.

Push Pressure

PES + Extractant mixture
Needle

[Polymeric Beads .
- Antisolvent bath

Fig. 1 Preparation set up for extractant encapsulated
PES based polymeric beads

The concentration of the constituents was
optimized in such a way that the resultant
composite beads resulted in spherical shape. The
concentrations of additives in different polymeric
beads were 1.5, 0.25, 1, and 1 % w/w for lithium
chloride (LiCl), multiwall carbon nanotube
(MWCNT), polyvinyl alcohol (PVA) and
polyethelene glycol (PEG) respectively.
Morphology and internal structure of the
synthesized composite beads were examined by
SEM and optical images. Fig. 2 shows the optical
images of PES/D2EHPA, PES/PVA/D2EHPA and
PES/PVA/MWCNT/ D2EHPA beads respectively.

Whereas, Fig. 3 (a—f) illustrates the cross sectional
SEM images of the polymeric composite beads
with different additives which also reveals that the
additives play vital roles in changing the internal
microstructure of the bead in terms of porosity and
pore size distribution which in turn affect their
sorption capacity considerably [6].
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Fig. 2: Images of PES/D2EHPA, PES/PVA/
D2EHPA and PES/PVA/MWCNT/ D2EHPA




PES/PVA/D2EHPA  (d)
PES/PVA/MWCNT/D2EHPA.

Subsequent characterization by thermo-gravimetry
was performed to determine the encapsulation
capacity of different types of beads developed. Fig.
4 shows the weight loss profiles of blank PES bead
(line a), PES/D2EHPA/PVA bead (line b) along
with PES/D2EHPA/PVA/MWCNT beads and 3M
D2EHPA liquid phase (line ¢ and d respectively)
as references while heated in nitrogen atmosphere.
Comparison of TG profiles resulted in evaluation of
chemical interaction among the constituents and
extractant encapsulation capacity.

(a) PES bead
(b} PES/D2EHPA/PVA bead

(c) PES/D2EHPA/PVA/MWCNT bead
(d) DZEHPA (3M)
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Fig. 4 TG profiles of (a) PES bead (b)
PES/D2EHPA/PVA  (c) PES/D2EHPA/PVA
/IMWCNT bead and (d) D2EHPA (3M)

PES/PEG/D2EHPA  (e)

Fig.3: SEM imeso ross-section of beads @ PES Iank, (b) PES/DHP, ©

PES/LICIUD2EHPA,  (f)

Sorption (uptake) study of Y(III) or other rare
earths by developed polymeric beads were
investigated in batch mode to evaluate the role of
different additives from aqueous chloride medium
with PES/D2EHPA composite beads embedded
with additives like polyvinyl alcohol (PVA),
multiwall carbon nanotube (MWCNT), lithium
chloride (LiCl) and polyethelene glycol (PEG)
under comparable experimental conditions was
investigated. Sorption studies have been performed
by contacting known amount of all the types of
polymeric beads separately with aqueous solutions
containing rare earths (80 to 3300 mg/L) at varying
concentrations at an appropriate solid to liquid ratio
for 8 hours to make sure that the system had
reached the equilibrium. Once the system reached
the equilibrium the polymeric beads were removed
and the aqueous phase was analyzed for its metal
ion content by ICP-AES (JY Ultima 2). The weight
distribution coefficient, Ky were evaluated using
equation 1.

€= o ¥
Ry =05 (1)
Where C,, and C. are concentration of

Y(I) in mg/L or ppm at initial time and at
equilibrium, respectively; w is the weight of
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polymeric beads (polymer and extractant); and V is
the volume of aqueous phase in mL. The results
are shown in Fig. 5. The sorption of Y(lIl) with
additive embedded composites followed the order:
PES/D2EHPA/PVA/MWCNT >
PES/D2EHPA/PVA > PES/D2EHPA. The better
distribution of D2EHPA in the PES/PVA/MWCNT
bead along with favorable pore size distribution
resulted in the enhancement in Y(I11) sorption. Not
only the additive enhances or suppress the
equilibrium sorption amount of Y(IIl) but also
influences the rate of sorption.
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PES/D2EHPA beads with additives
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Fig. 5 Effect of additives in polymeric composite
beads on weight distribution ratio of Y(lII) by
PES/D2EHPA beads.
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Based on the batch experimental results, the
developed polymeric beads were successfully
deployed for the recovery of rare earths in
continuous column operation mode, to establish its
potential to industrial level scale up [7]. Sorption
and desorption experiments were performed in
column (Fig. 6 c¢) to evaluate the performance of
these beads for the recovery of yttrium from
aqueous chloride medium. The sorption profile of
Y(I11) from the feed having 160mg/L at 0.3M HCI
is shown in Fig. 6 for PES/D2EHPA/PVA and
PES/D2EHPA/PVA/MWCNT beads [8].

The studies on the synthesis, characterization,
evaluation and application of polymeric beads for
the recovery of REEs have promising potential to
be harnessed in the fields like toxic metal removal,
concentration of metal ions from lean sources and
removal of entrained impurities. The developed
bead not only addresses the environmental issues
but also offer selective and efficient separation of
rare earths. Moreover, they have added advantage
of extraordinary stability and recyclability. The
developed solvent encapsulated  polymeric
composites for rare earths separation has the
potential to be adopted at commercial scale as an
alternate to ion exchange process in rare earths
industry due to its dual advantage in terms of higher
loading capacity and comparatively faster kinetics.

—E—PES/PVA/D2EHPA beads
| —@—PES/PVA/MWCNT/D2EHPA Baads
160 - Feed phase: 160 mg/LY(l) _ 400 4 S

—E—PES/PVA/D2EHPA beads
—O—PES/PVA/MWENT/D2EHPA Beads,
Eluent phase: 40% HCI
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Fig.6 Breakthrough profile of (a) Y(IlI) uptake (b) Elution profiles PES/D2EHPA/PVA and

PES/D2EHPA/PVA/MWCNT beads (c) co
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Abstract

Electrically exploding-wire phenomenon was invented in the last century and has found several applications
since then and hence was adapted to different geometries of the pulsed power generators depending upon its
applications. Marx generator based inductive storage type compact and light-weight 500MW and 1.5 GW [1-3]
electrical power generators were developed and were reported demonstrating the explosions of exploding
copper wire of 9cm and 11cm respectively of two different diameters. The systems were table-top tested and
subsequently the first one is made standalone system by introducing some up-gradations facilitating the
structural rigidity and better usability. The system for the generation of underwater shocks is being reported in

this article.

Introduction

A detailed study is reported on underwater
exploding wires [4-10] and it is suggested that if the
discharge time from the capacitor bank to the wire
is sub-microseconds in the underwater discharges,
then the estimated pressures generated are much
higher than the estimated pressures generated in the
microseconds discharges. Interesting convergence
of shock waves is also reported in their study to
enhance the shock pressures in underwater
experiments. The pressure in their study is
experimentally found to be fitting with the distance
from shock wave origin with the power of -0.7. It is
good to recall [10] here that in underwater
experiments the radial expansion is slowed down
by two orders of magnitude and hence the energy
density going inside the wire is enhanced in the
case of underwater experiments. Loeffler et al [11]
suggested the aluminum underwater exploding wire
techniques to be used as alternative of blasting
techniques and proposed the various schemes to
amortize the investments in the technology within
short time. Reduction in electrical energy required
(using aluminum water reaction), reduction of
average power requirement (by preheating the wire
upto melting) and multiple use of energy supply are
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three areas in which their study aims. Pashchenko
[12] et al have proposed the application of pulsed
plasma elastic waves to the field of Enhanced Oil
Recovery as one among several methods to do so. It
is further mentioned to be innovative approach to
enhanced oil recovery. J. Wojtowicz [13] et al have
proposed to generate seismic wave simulation
conditions by exploding wire which results in the
creation of shock wave front in water which is
finally emitted to the geological environments in
the form of acoustic waves. Lisitsyn et al [13,14]
have estimated from pressure and shock wave
velocity measurements that upto 90% of the energy
of capacitor bank is dissipated in the wire in fast
discharges with optimum length of the wires. The
discharge power is calculated to be nearly 800MW
in these experiments. The application in these
experiments is the destruction of solids by the
shock waves generated in underwater electric wire
explosions. In other experiments [16,17] it is
estimated with the help of pressure diagnostics that
at the Discharge Plasma Channel (DPC) boundary
the boundary velocity is ~2km/s and pressure is
10GPa for specified wire dimensions. Additionally,
the peak pressure is reported to be satisfying a law
of the radial propagation distance (r) to the power




of -0.74. Nelson et al [18] have interestingly shown
the addition of energy of aluminum water
combustion to that deposited electrically with
experiments. In these experiments enhancement of
an order was observed in the peak pressures
achieved.

— ™ | ‘1 |
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Fig. 1: Compact underwater shock wave generator
and its electrical equivalent

Experimental Details

The feasibility of operating several spark gaps
(nearly 10 nos) was not a practical solution [1-3] so
the structure has to be reduced to use lesser number
of spark gaps so that the standalone rigid structure
may be practically realized. The reduction in the
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number of spark gaps of the Marx generator, on the
other hand, demanded series connections of the
capacitors and charging them to a higher/multiplied
voltage from the power supply. For this purpose
two high voltage upliftment schemes were coupled.
The first one being voltage multiplier and other one
being the two stage Marx generator. Additionally
the one stage of the Marx generator is made
common to the voltage multiplier output stage in
order to further reduce the number of electrical
components in the complete generator assembly.
The complete electrical assembly is molded in
Epoxy resin/ hardener mixture to restrict a final
geometrical shape of 115mm of diameter and
1.6meters of total length in cylindrical shape. The
system is shown in figure 1 while in action
underwater. The figure is taken at the time of wire
explosion when the light is also emitted from the
wire. The figure 1 also shows the electrical
schematic of the generator. The wire exploded is
copper wire of 184 micron diameter in this
experiment. The generator along with its power
supply is light weight (40kgms) and can be handled
by single person. The charging time for the
generator is less than 10 seconds.

The electrical scheme of the generator is quite
interesting in which a voltage multiplier (four
stage) charges a capacitor to a peak voltage of-
30kV and the voltage multiplier output arm and
external capacitor arm (equal capacitance) makes a
two-stage Marx generator using two self breaking
spark gap switches. One switch is adjusted to break
at nearly -30kV and the other one is set to break
nearly-45kV of the voltage. As soon as first spark
gap switch closes the other one sees double the
voltage and hence it also closes. This way the -
60kV impulse voltage appears across the connected
exploding wire and causes the phase changes from
solid to liquid to gas and then to the plasma. The
electrical feed to the system is ~5.4kV rms from a
high voltage transformer which takes 230volts as its
input. The charging voltage of the multiplier and
the discharge current from the system is monitored
with a high voltage divider output and a Rogowski
coil respectively. The total energy of the capacitor
bank at 30kV of charging voltage is ~290joules.
Results

The fig.2 represents di/dt signal and indicates that
in the air the higher di/dt is being generated inside




the wire. The copper wire used is 184micron
diameter in these experiments.

30KV Air
30kV UW
28kV UW

difdt (arbitrary units)

0.0 206.0:1 400I.0n BOOI.On SODI.CIn 1 .E‘.lu 1.2
Time

Fig. 2: di/dt vs time for wire explosion from the

compact shock wave generator

di/dt waveform also indicates that the rate of rise of
resistance is higher in air during the time of wire
explosion. The same can be observed from the
integrated waveforms of the wire explosion which
are shown in fig. 3. It additionally indicates that
there is no considerable change of peak current
amplitude which suggests of no significant shunting
effect when the wire is blown inside the water as
compared with the air experiment. The discharge
currents are ~23kA at the time of occurrence of its
maximum and are seen to be occurring at 550ns
from the beginning of the current discharge. The
current ceases to flow in the wire at ~1ps from the
beginning of the discharge.

2
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Fig. 3: Time(seconds) on X axis and Current
(Amperes) Y axis [Red 30kV Air, Magenta 30kV UW,
Blue 28kV UW]

The energy of the capacitor bank is discharged in
the wire in sub-microsecond duration in order to
utilize the dielectric strength of the water under the
pulsed conditions. The sequential shots of its
underwater experiments are shown in fig. 4.
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Fig. 4: sequential images of prototype being
experimented for underwater experiments
(184micron diameter copper wire)

Conclusion

The developed compact pulsed plasma based
underwater shock wave generator system is
negatively charged to utilize higher underwater
resistivity of water for the pulse negative voltage
discharge in water as compared to the pulsed
positive voltage discharges. It means the shunting
effects caused by the environmental conditions
(mainly water) around wire are further minimized.
Additionally since in our experiments the wire used
is aluminum (in subsequent experiments after initial
use of copper), an effective enhancement of
generated pressure is also observed leading to a
conclusion of thermite reaction assistance (by
release of energy) in underwater experiments. The
240micron diameter enameled aluminum wire is
exploded in the experiments. The length of the
aluminum wire is 11cm in these experiments.
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Abstract: A 4-Tesla warm bore superconducting magnet is required for corrosion and Magneto hydrodynamic
studies related to the development of Lead Lithium Cooled Ceramic Breeder (LLCB) test blanket module. The
magnet bore is 300 mm and is accessible from both ends. Magnet is immersed in liquid helium bath at 4.2K.
The cold mass is surrounded by a thermal shield to reduce the radiation heat losses and is supported inside the
vacuum vessel with high thermal resistivity support rods to reduce the conduction losses. Conduction cooled
current leads are used to power the magnet. The superconducting magnet has been developed and tested for its

design performance.

Index Terms: Superconducting Solenoid Magnet (SC Magnet), thermal shield, G-M cryocoolers, MHD,

Conduction cooled current leads.

I. Introduction

Electromagnetic Applications Section, ACnD is
involved in the development of superconducting
solenoid room temperature bore electromagnet. The
magnet needs to produce a field of 4-Tesla in a room
temperature bore of 300 mmdiameter. The magnet is
made out of multi-filamentary Nb-Ti composite
superconducting wires developed at BARC. The
critical current density of wire is 2600 A/mm” at 5-
Tesla magnetic field and 4.2 K temperature. The
magnet is supported inside avacuum vessel to
minimise convective heat losses. To reduce radiative
heat losses into the vessel, a thermal shield is placed
between the vacuum vessel and the liquid helium
cryostat. The thermal shield is cooled by an 80K G-
M cryocooler. The magnet is powered via
conduction cooled current leads made of copper
from 300K to 80K and High Temperature
superconductors from 80K- 4.2K. The magnet is
passive quench protected using cold diodes and
resistors. Stored energy in the magnet is 800KJ at
the rated current. The magnet is developed and
tested for its operating performance.
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II. Electromagnetic Design

The superconducting magnet is made of NbTi
copper composite wire developed at AFD, BARC.
The characteristic properties of the wires are
discussed in Ref [1]. Electromagnetic analysis was
carried out using OPERA TOSCA module. The
parameters of the solenoid magnet are listed in
Table-1.
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Fig. 2: Fieldprofilein r-z plane
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Table 1: Superconducting solenoid magnet -EM

design parameters
Inner diameter 458 mm
Magnet length 350 mm
Wire diameter 1 mm
Inter layer insulation thickness 0.1 mm
Number of turns per layer 350
Number of layers 24
Operating Current 240 A
Central magnetic field 4.2 Tesla
Maximum magnetic field 5.5 Tesla
Stored energy 840 KJ

The superconducting strands are wound directly
onto the inner shell of liquid helium vessel. To avoid
movement of the wire due to huge Lorentz forces,
the wire is wound on the mandrel with pre-stress.
Ground insulation is provided by 0.5mm thick G10-
CR grade sheets and inter layer insulation is
provided by glass fibre cloth of 0.Imm thickness.
Winding is impregnated by wet hand layup
technique. Banding by 0.5 mm of brass wire is done
over the magnet winding, to provide pre-stress to the
winding.

Fig. 4: SPM developed to carry out winding

Superconducting magnet has to be protected from
temperature and voltage rise in the event of quench.
Quench is a transition of the magnet from
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Superconducting state to normal state. The quench
initiates at a point in the winding and grows by
thermal conduction. Stored energy of the magnet is
dissipated as heat. The highest integrated heat
dissipation is at the quench initiation point. Passive
quench elements comprising resistance and diode
network is used for quench protection [2-4].
Detailed quench analysis was carried out in
QUENCH module of vector fields [5] to estimate
the temperature rise and the number of sub divisions
required for safe operation of magnet.

Heat input of 0.2Joules provided to
initiate a quench Opera
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Fig. 4: SC magnet quench analysis

The nonlinear thermal and electrical properties
required for the quench simulations are obtained
from ROXIE material database reference [7].

Winding ¥hermal Conductivity (W/m iK)

Fig. 5: Nonlinear thermal conductivity
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Fig:10 Assembly of quench pro‘Eection diodes

III. Mechanical design

The conceptual design of the superconducting
magnet is shown in Fig 11.

Fig:11 Cross sectional details of liquid helium
cooled SC magnet

The liquid helium vessel is made of AISI 316L and
designed in compliance with the guidelines stated in
ASME Section VI [6]. The helium vessel is




designed for an operating pressure of 1 bar and
maximum pressure of 2 Bar. The welding procedure
was qualified with Charpy impact test at 77K. The
welding filler material was 316L with ferrite
number less than 5. The vessel was tested for
helium leak rate after cold thermal shock testing
(spraying 77K). As the expansion ratio of liquid
helium is 740, pressure relief valves were designed
as per APl and CGA guidelines. The vessel was
tested for helium leak rate of less than 10*Torr.l/sec.

The vacuum vessel is designed and developed as per
the guidelines of ASME Section VIII for external
pressure of 1 Bar and internal pressure of 1.5 Bar.
The material of construction is AISI 304 and the
operating pressure is less than 5x10-5 Torr.

Relief valve and rupture disc are provided for safety
of the vessel. The vacuum vessel is tested for helium
leak rate of less than 10™ Torr.l/sec.

IV. Thermal design

The operating temperature of the helium vessel is
4.2K and that of the vacuum vessel is 300K. The
helium vessel is supported inside the vacuum vessel
through tie rods. To reduce conduction heat loss,
the tie rods are made up of cryogenic grade glass
fibre composite, and thermalized to the thermal
shield which is cooled to 80K[7-8]. The total
conduction loss is less than 0.1 watts at 4.2K and 3
watts at 80K.

Fig:12 Support tie rods

To reduce the radiation loss, intermediate thermal
shield is used which is cooled by G-M cryocooler to
80K. To further reduce the radiation losses, helium
vessel and thermal shields are wrapped with MLI
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(Multilayer insulation) blanket. The total radiation
loss is less than 0.5 watts at 4.2K and 10 watts at
80K.

Fig:13 MLI blanket wrapped over thermal shield

The superconducting magnet is energised by
conduction cooled current leads, consisting of
composite HTS leads and copper leads. The
composite HTS leads are made up of BSCCO and
thermalized to the thermal shield (80K). The
conduction cooled leads from 80K to 300K is made
up of ETP copper. Optimisation of the current lead
cross sectional area was carried out for minimum
heat leak [10].

Diameter of the current lead vs Head load
35

30+

25

Optimum diameter : 5.3 mm
Heat Load : 11 Watt/Lead

20

Heat Load in Watts

15f

5 4 5 6 7 8 9 10

Diameter of wire in mm 3
Fig:14 Optimised current lead for an operating
current of 240A




V. Assembly of SC Magnet

The superconducting magnet is a

ssembled vertically

and then tilted horizontally for its normal operation.

Suitable jigs were developed
assembly.

to carry out the

VI. Testing of SC magnet

The liquid helium vessel is pre-

nitrogen. After purging out liquid
was transferred. The magnet
tested to its rated current.

Fig:15 Assembly of SC magnet

cooled with liquid
nitrogen, helium
was energised and

Fig: 16 Transfer of liquid helium
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VII. Conclusion

A room temperature bore, liquid helium cooled,
superconducting magnet is designed, developed
and tested for its performance. The authors are
indebted to Materials Group, BARC (Dr
Krishnamurthy, Dr G.K Dey) for their initiation
and support in the indigenous development of
thislarge horizontal warm bore superconducting
magnet.
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Abstract:

The present invention deals with process of producing samarium-cobalt alloy powder which is useful as raw
material in developing permanent magnets having high magnetic properties. A modified reduction- diffusion
process has been adopted here to produce the alloy by choosing appropriate raw material and performing
reduction process in a controlled way. The process essentially involves the calciothermic reduction of samarium
oxide in presence of cobalt under argon atmosphere, followed by decalcification to get desired alloy product.
The effect of processing parameters in obtaining the desired magnetic phases and on residual calcium has been
studied in details.It was observed that the alloy powder with optimum samariumand lower calcium contentis
suitable to have improvedthe magnetic properties in the final product. The process has been successfully scaled

up from 100g to 10kg batch level.

Introduction:

Permanent magnets i.e. hard magnetic materials are
of great technological importance because they can
maintain high level of constant magnetic fluxes
without applying an external magnetic field or
electrical current. Rare earth based permanent
magnets are technologically important materials and
have got significant uses in industry and science,
i.e.electric motors, NMR scanners, wind-mills,
compact discs, actuators for robotics and flight
control, etc [1-3].After the discovery of magnetic
anisotropy in yttrium cobalt compound (YCos) in
1966, an insurgent interest had been developed in
the researchers to explore the magnetic properties of
other rare earth metals with cobalt. The extensive
research on this area has led to the discovery of
SmCos based magnets with energy product which
was referred to the first generation of rare earth
based permanent magnets. Later Sm,Co;; and
NdFeB type of magnets were discovered. Although
NdFeB type of magnets are widely used in the
market on account of their superior magnetic
properties and low cost but they have some
shortcomings like low curie temperature, low
thermal stability and corrosiveness which often
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limits their uses [4-6].Samarium-cobalt based
magnets with high energy product and excellent
coercive force are suitable to be used in highly
efficient machine and components in which higher
operation temperature, higher corrosion and
oxidation resistance are crucial [7-8].These magnets
find use in atomic energy, space and defence
industries for a variety of strategic and non-strategic
applications. Industrially, rare earth alloys are
produced by melting pure rare earth metals at high
temperatures. It is, however, expensive due to high
cost of rare earth metals, high melting temperature,
and rare earth losses in the process. Moreover, it is
obtained as a dense ingot, which requires further
crushing and grinding before magnet making. All
these processes are energy intensive. On the other
hand, reduction-diffusion process yields the alloy
powders directly from inexpensive oxides at much
lower temperature, thereby resulting in lower cost
magnets.The object of this invention is to develop
indigenous technology for preparing Sm-Co
magnetic alloy powder from the raw materials found
in India suitable to make permanent magnets.




Experimental:

In the first step of process, the samarium oxide (99%
pure) was thoroughly mixed with cobalt powder
(99.4% pure) supplied by Indian Rare Earths
Limited (IREL). The mixture was then admixed
with calcium metal granules (99% pure procured
from local market) to affect the reduction of the
samarium oxide. Mixing of calcium into the charge
mixture was carried out under protective cover of
argon gas inside a glove box. In the process 10-
100% stochiometric excess of calcium was used to
ensure that all of the samarium metal oxide is
reduced to samarium metal. The mixtureof Sm,Os,
Co and Ca was then charged into a specially
designed crucible and then kept inside the furnace
chamber. The furnacechamber was purged with
argon gas for one hour to remove water moisture
and entrained air before keeping the crucible
containing charge mixture in it. The furnace was
heated up to 1100-1200 °C and nominal flow of
argon gas was maintained throughout the course of
experiment. Optimum soaking period was given
depending upon the quantity of charge mixture
taken to ensure the complete diffusion of samarium
into cobalt matrix. The crucible along with the
reaction mixture was taken out after the furnace cool
down to room temperature.

The reactions involved in the RD process are given
below:

4
Sm,05; + 10Co + 3Ca = 25mC05 + 3Ca0 (1)

Fig.1: Sm-Co product obtained by R-D process

Fig.1 shows the product obtained after RD process.
It is essentially a hard, black, clinker-like cake
comprising Sm-Co intermetallics and Cao along
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with some unreacted calcium. The undesired Ca and
CaO sometimes forms Ca (OH), upon exposure to
atmosphere. The main aim in the second step was to
effectively leach out Ca from the RD products
safeguarding the Sm and Co values. The reaction
product was first cooled to room temperature and
then subjected for leaching process.

To start the process, the resulted mass of the RD
product was first crushed into smaller pieces with
particle size of around 1 to 2 mm size. For small
scale batch (up to 1 kg scale) crushing was carried
out in mortar pestle,where as for large scale batch
(more than 1 kg scale) jaw crusher was used for this
purpose. After crushing into small pieces, the next
step was to grind the small pieces to fine powder
having particle size of 200 p. For small scale batch
(up to 100g scale) grinding was carried out in mortar
pestle,where as for large scale batch (more than 1 kg
scale) planetary ball mill was used.

The resulting mass after crushing and grinding is
hydrated with water to alkalize the Ca/CaO to form
calcium hydroxide according to following equation.

ield
25mCos + 3Ca0 + H,0 =3 2SmCog +
3Ca(0H), )

Here, the solution was stirred using a mechanical
stirrer keeping a fixed rpm for optimum duration. In
the process, the heavier intermetallic settled out
while dissolved and un-dissolved Ca(OH), floating
in the supernatant liquid was  removed by
decantation. Water wash treatment was carried out
in repeated cycles keeping with affixed solid to
liquid ratio. In addition to water wash, the RD
product is also subjected to acid treatment with
solution of weak acid to get desired level of calcium
content in the final product.

X-ray diffraction (XRD) (Inel France make, using
Cr Ka radiation (A= 2.29 A) was employed to
identify the phases of the alloy powder before and
after the Ca leaching. Similarly, ICP-AES
(Inductively Coupled Plasma-Atomic Emission
Spectroscopy) technique was used to analyze
residual calcium of the intermetallic
powder.Wavelength Dispersive X-ray fluorescence
(WD-XRF) spectroscopy was used to analyze the
composition of Sm and Co in the alloy .The various
phases and composition of the alloy were identified




by means of scanning electron microscopy (SEM)
analysis. Oxygen content in the alloy powder was
determined by inert gas fusion method.

Results and Discussion:

Fig.2 shows the XRD pattern of final product
obtained after leaching. It was evident from the
XRD pattern that the decalcified under optimum
conditions has peaks corresponding to required
SmCos and Sm,Co; only.Results obtained from
WDXRF were also found to be consistent with the
XRD result. Residual calcium and oxygen content in
the alloy powder were found to be well within the
permissible limit for making magnets.
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Fig.2: XRD of final powder

Optimization of parameters in the RD process:
To study the effect of temperature on the
performance of RD process, experiments were
carried out at different temperature ranging from
900°C to 1300°C. It was observed that the reduction
was incomplete when it was carried out below
1050°C and there was loss of samarium value when
temperature crossed 1200°C.It was evident from the
study that temperature must be kept above the
melting point of samarium i.e.1070°C for faster
diffusion to happen.

A number of experiments were carried out to arrive
at the optimum charge composition to get desired
phases of the alloy. It was found that 5% excess
Sm,0; and 20% stoichiometric excess of Ca were
necessary to get the desired phases.

BARC

Optimization of leaching conditions:

In the decalcification step, it was observed that
almost 95% CaO was removed by leaching the
product with demineralized (DM) water. For further
decrease of residual calcium, leaching with acid
solution was found to be necessary. In the leaching
process, pH control is very important in the removal
of trace amount of calcium by chemical reaction.
High acidity may facilitate calcium removal but it
leads to corrosion of alloy powder resulting in the
deviation from targeted composition. Improper
leaching results in loss of rare earth values. Typical
SEM image the decalcined powder is shown in
Fig.3.

. F

Fig.3: SEM image of the leached powder

To select the effective leaching conditions for
maximum yield of SmCos with minimum residual
Ca in the alloy powder, four parameters have been
identified. These are number of water wash cycle,
number of acid wash cycle, pH of the solution and
digestion time in each cycle. A number of
experiments were carried out to reach at optimum
conditions of leaching.These standardized leaching
conditions were also experimentally validated for
one kg and 10 kg scale batch.

Magnets were made out of this alloy powder and
magnetic properties of these magnets were found to
well match with the properties of the imported
SmCos magnet (Recoma-18) with typical values of
Br= 8.4 kGauss ,H. = 8.1 kOe ,H, = -12 kOe ,BHna
=19 MGOe.

Conclusion

Synthesis ofSm-Co (1:5) alloy powder by reduction-
diffusion process has been optimized. Leaching
conditions were also standardized for successful




removal of calcium from the products. XRD
analysis confirmed the presence of required phases
and WD-XRF analysis ensured the desired contents
of the elements in the alloy powders. Oxygen and
residual calcium content in the final products were
well within the permissible limit for magnet
preparation. Magnets made out of this material were
found to be par with the recoma-18 grade magnets.
The process has been successfully scaled up from
100g to 10kg batch level.

References:

1. C.Yamahata,C.Lotto, E.Assaf,M.Gijs,
Nanofluid, A PMMA valvelessmicropump using
electromagnetic actuation, Microfluid Nano
fluid (2004) 197-2007.

2. H.R. Kirchmayr, Permanent magnets and hard
magnetic materials, J. Phys. D.Appl.Phys.29
(1996) 2763-2778.

3. S. Sugimoto, Current status and recent topics of
rare-earth permanent magnets, J. Phys. D: Appl.
Phys. 44 (2011) 1-11.

S. D. Bhame, V. Swaminathan, P. K. Deheri, R.
V. Ramanujam, Exchange coupled
Nd2Fel4B/a-Fe nanocomposite by novel
autocombustion- reduction-diffusion synthesis,
Adv. Sci. Lett. 3 (2010) 1-6.
D. Brown, B. M. Ma, Z. Chen, Developments in
the processing and properties of NdFeB-type
permanent magnets, J. Magn. Mag. Mater. 248
(2002) 430-440.
M. Sagawa, S. Hirosawa, H. Yamamoto, S.
Fujimura, Y. Matsuura, Nd-Fe-B Permanent
Magnet Materials, Jap. J. Appl. Phy. 26 (1987)
785-800.
S.R. Trout, Permanent magnets based on the
lanthanides: Raw materials, processing and
properties, Proc. The International Symposium
on Magnetics, Seoul, Korea, Nov 8-10, (1990)
pp 79- 90.

. S.J. Heh, S.K.Chen, F.T.Jin,L.K.Chen, Process
for producing rare earth-cobalt permanent
magnet, US patent, 4875946,1989.




Development of customized strategies for
improving the efficacy of cancer radiotherapy

Sundarraj Jayakumar, Deepak Sharma and S. Santosh Kumar
Radiation Biology and Health Sciences Division

Sundarraj Jayakumar is the recipient of the DAE Young Scientist
Award for the year 2015

Abstract

We have developed DNA damage and DNA damage based gene expression as predictive markers of
radiosensitivity in cancer cells which would find application in customized radiotherapy. We have identified
Nrf2 as a target for modulating radiosensitivity in cancer cells and normal cells. We have also developed Nrf2

centric drugs for mitigation of radiation injury.

Introduction

Cancer is one of the major causes of death
worldwide. Radiation therapy is an important
treatment modality employed for cancer. But due to
the inter-individual differences in radiosensitivity of
cancer cells, the efficacy of the radiotherapy is
affected. Further, normal tissue toxicity is also a
major concern to the clinicians during radiotherapy.
The efficacy can be improved by prediction of
radiosensitivity of cancer cells and through
modulation of radiation responses of normal and
cancer cells. Clonogenic assay is considered as gold
standard for predicting radiosensitivity.However,
this assay cannot be used under clinical settings
because the tumor samples derived from patients
seldom grow in a petri dish to form colonies. Hence
there is a need for development of rapid and reliable
assay for predicting the radiosensitivity, which will
help in designing personalized radiotherapeutic
regimen. Apart from prediction, modulation of
radiosensitivity is also important for improving the
outcome of radiotherapy. For modulation of
radiation response, understanding the molecular
players governing radiosensitivity of cell is pivotal.
Drugs which target the proteins that are contributing
to radioresistance of cancer cells can be effective
sensitizers and the drugs which activate survival
proteins specifically in normal cells can be potential
radioprotectors. When cells are exposed to gamma
radiation, free radicals are formed as a result of
water radiolysis and these free radicals in turn cause
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damage to cellular macromolecules like protein and
DNA. Damage to DNA (double strand breaks) is the
most critical lesion, which if unrepaired can lead to
cell death. Cells activate many signaling
mechanisms and repair pathways which help in
salvaging the DNA damage. These factors can be
used as targets for predicting and modulating the
radiosensitivity. One ubiquitous transcription factor
which gets activated during the radiation exposure is
Nrf2. Under normal conditions, this transcription
factor is sequestered in the cytoplasm and during
oxidative stress,Nrf2 is translocated to the nucleus
and thereby transactivates the target genes which are
involved in anti-oxidant response leading to the
survival of the cell. Targeting Nrf2 can be a good
strategy for radiosensitization of tumor cells and
radioprotection of normal cells. Drugs whichtarget
this molecule can be good radio-modulators.

Materials and Methods

Tumor cells were obtained from National Centre for
Cell Science, Pune. Chemicals and reagents were
procured from Sigma-Aldrich.

Clonogenic assay

Clonogenic assay determines the ability of a cell to
divide multiple times and form a macroscopic
colony. Tumor cells were cultured in the petri dish
for 12 h and then they were exposed to radiation.
They were further cultured for two weeks for the
colony development. The colonies were fixed using




methanol, stained with crystal violet and counted
using a colony counter.

Assessment of DNA damage by comet assay
When a cell containing DNA damage is subjected to
electrophoresis the movement of DNA will be
higher as compared to that from control cell. Comet
assay measures the DNA damage using this
principle. For this assay, the cells are mixed with
agarose gel and layered on to the slide. After
solidification, the cells were lysed using lysis buffer,
and electrophoresis was carried out in Tris-Borate-
EDTA buffer.The cells were stained with a SYBR-
Green dye (a DNA binding fluorescence dye),
visualized using fluorescence microscope and the
images were used for calculating the extent of DNA
damage by analyzing the tail formation.

Assessment of DNA damage by gamma-H,AX
foci

H,AX is a histone variant found as a part of the
nucleosome, on which DNA is coiled around. When
the DNA is damaged, this histone gets
phosphorylated and it can be detected as foci using
antibody staining. By analyzing the number of foci
present at different time points after radiation, the
extent of DNA repair was studied. For performing
this assay, cells were grown on a coverslip, given
respective  treatments,  fixed using 4%
paraformaldehyde, permeabilized by treating with
Triton-X-100, stained with y-H,AXantibody and
secondary antibody labelled with fluorescent dye.
The cells were counterstained with DAPI and
visualized under fluorescence microscope and
average number of foci present in each nucleus was
counted as a marker for DNA damage.

Results and Discussion

Correlation between clonogenic assay and comet
assay for predicting the radiosensitivity of tumor
cells

To know the usefulness of comet assay in predicting
the radiosensitivity —of tumor cells, the
radiosensitivity profiles of seven different cancer
cells were established using clonogenic assay
indicating their respective survival fraction. The
radiation induced DNA damage was quantified
using comet assay (% DNA in tail).The correlation
between survival fraction and % DNA in tail was
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calculated and we found that these two parameters
showed significant correlation (Fig.1). This
correlation was also valid under fractionated dose
regimens. Out of several time points analysed, the
comet assay performed immediately after irradiation
showed best correlation with radiosensitivity.
Moreover, neutral comet assay, which preferably
assesses DNA double strand breaks showed better
correlation with radiosensitivity than the alkaline
comet assay which quantifies total DNA damage
(single and double strand breaks). In conclusion, our
results established that the neutral comet assay
performed immediately after radiation exposure can
be a good predictive markerfor radiosensitivity.

* R*- 0.82

P - 0.003
0.4

0.3

0.2+ *

Survival Fraction
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Fig:1: Correlation between clonogenic assay
(survival fraction) and neutral comet assay (% DNA
in tail) was obtained in seven different cancer cell
lines.

Role of Nrf-2 in radioresistance of cancer cells

Apart from predicting radiosensitivity,
understanding the underlying molecular mechanisms
is also important for identifying druggable targets in
the cells. For this purpose, a microarray analysis was
performed in two cancer cell lines which exhibited
differential radiosensitivity measured in terms of
survival fraction and apoptosis. From the microarray
data, the genes which are differentially expressed in
radioresistant cells were identified. Thioredoxin
family of genes was upregulated in radioresistant
cells as compared to radiosensitive cells. Since
thioredoxin family genes are regulated by Nrf2, we
analysed the expression of Nrf2 in these cells. The
radioresistant cells showed higher expression of
basal as well as radiation induced Nrf2.
Accordingly, the levels of radiation induced reactive




oxygen species were higher in radiosensitive cells as
compared to radioresistant cells. To further confirm
the role of Nrf2 in radioresistance, we have used
chemical inhibitor (all-trans retinoic acid) or
knocked down approach by shRNA and then
examined their effect on the radiosensitivity of
cancer cells. Pharmacological inhibition or
knockdown of Nrf2 synergistically enhanced the
radiosensitivity of cancer cells implying that Nrf2
overexpression in tumor cells can lead to
radioresistance.

Involvement of Nrf2 in DNA repair

To further understand the possible mechanism
through which Nrf2 is regulating radioresistance, the
effect of Nrf2 on DNA repair was studied. When
Nrf2 was inhibited or knocked down, DNA repair
was slowed down, as found by y-H,AX foci (Fig.2).
The influence of Nrf2 on DNA repair was not
dependent on its downstream genes involved in anti-
oxidant activity. This was confirmed by studying the
DNA repair in the presence of a known anti-oxidant
N-acetyl-cysteine. Further, involvement of the non-
homologous end joining pathway was ruled out by
combining DNA-PK inhibitor along with Nrf2
inhibitor. When the upstream regions of DNA repair
genes were probed, RADS51 family of genes
(involved in homologous DNA repair) showed

4 Gy-15 min
DMSO

Fig:2. Effect of Nrf2-knockdown (Nrf2-KD) on
DNA damage repair as compared to control
(DMSO) as analysed by y-H,AX foci formation.
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the presence of antioxidant response elements
(ARE) in their promoter region. The expression of
RAD51 family of genes was decreased in Nrf2
knockdown cells, suggesting that the Nrf2 is
involved in DNA repair through the homologous
recombination repair. Hence our results clearly
indicated that apart from involvement in anti-
oxidant response, Nrf2 is also modulates DNA
repair and thereby contributes to radiation resistance
in cancer cells (Fig.3).

Development of new drugs for modulation of
cellular radio-sensitivity

Many phytochemicals and their derived compounds
were screened to modulate the radiosensitivity of
cancer cells and normal cells. We found that
dimethoxy curcumin (DIMC), a synthetic analogue
of curcumin, modulated radiosensitivity of cancer
cells. The bio-availability and stability of DIMC is
more as compared to curcumin.Our studies revealed
that DIMC at 2.5 UM concentration increased the
radiosensitivity of the cancer cells and cancer stem
cells. This effect was due to inhibition of
thioredoxin reductase- an Nrf2 dependent gene. We
have also identified another drug which is a
derivative of green plant pigment chlorophyll
(BARC Radio Modifier-BRM). Preclinical studies
using BRM demonstrated its radioprotective

efficacy against lethal doses of radiation in mice.
Safety and toxicological studies in multiple species
of rodents have been completed under GLP
conditions. BRM is well tolerated up to 5g9/Kg body
weight. This technology has been incubated with
Innovative Drug Research  Solutions  Ltd.,
Bangalore. The formulation has been optimized and
2 lakh tablets have been manufactured under GMP
conditions for human clinical trials.

Conclusion

Our efforts have identified a simple, fast and
efficient protocol for predicting the radio-sensitivity
of patient derived cancer cells. This protocol will be
useful for customized radiotherapy. Further, we
have identified Nrf-2 and thioredoxin reductase as
druggable targets for modulation of radiosensitivity.
Based on these studies, we have developed new
radio-modifying drugs for use in clinic.
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Abstract: In recent time, studying the dynamics and structure of pollutants in gas phase and as well as at air-
liquid interface has got considerable interest in view of both environmental and fundamental research. In this
context, in our division we have developed and installed a Molecular beam-Resonance Enhanced Multiphoton
lonization - Time of Flight (MB-REMPI-TOF) set up to understand the UV-photodissociation of halogenated
volatile organic compounds (VOCs) in gas phase. We have also installed Vibrational Sum-frequency
Generation (VSFG) set up to study the structure, dynamics and interaction of molecules having environmental
and biological importance, at surfaces and interfaces. Applications of these two techniques with specific

examples are presented in this article.
Photodissociation  dynamics of halothane:
A REMPI-TOF study

Introduction

Halothane (2-bromo-2-chloro-1,1,1-trifluoroethane),
which contains three different halogens as
substituent on a simple ethane skeleton, was a
widely used general inhalation anesthetic and one of
the major man-made bromine-containing species
found in the free troposphere. Since Br atom is
predicted to have several times more efficiency in
depletion of ozone in stratosphere than CI atom,
photodissociation studies on bromohalides are of
importance. The photodissociation dynamics of
halothane have been studied near 234 nm, in a
molecular beam environment, employing resonance-
enhanced multiphoton ionization with time-of-flight
mass  spectrometer (REMPI-TOF-MS). Both
bromine and chlorine atoms are detected in both the
ground and spin-orbit excited states. Translational
energy distributions, the recoil anisotropy parameter
(B) and the spin-orbit branching ratios of these
channels have been measured. Based on the
combined experimental results and theoretical
calculations the mechanisms of bromine and
chlorine formation channels have been proposed.
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Experimental

Halothane in a molecular beam was irradiated at
~234 nm and the photoproducts, Br(4P 2P3,2),
Br*(4P 2Py,), CI(3P 2Pg;,) and CI*(3P 2Py,) atoms,
detected state-selectively, employing (2+1)-REMPI
with TOF mass spectrometer. A detailed description
of the experimental setup (Fig.1.1) is given in our
previous publications."*A TOF-MS (two-stage
Wiley—McLaren type)was mounted vertically,
perpendicular to the horizontal MB, with
microchannel plates (MCP) as detector. The vapour
of the reactant, seeded in helium, was obtained by
bubbling helium through a sample maintained at
room temperature. A single laser was used for both
photodissociation of the parent molecule and
ionization of the atomic photoproducts. A Nd:YAG
laser pumped dye laser, using rhodamine 101 dye,
was employed for generating the requisite laser
beam in the range of 230-236 nm. For measuring
TOF spectra, the MCP signal was fed to an
oscilloscope, which was interfaced to a Pentium PC.
A double Fresnel rhomb was used for rotation of the
laser beam polarization entering the chamber. TOF
profiles were taken for three different experimental
configurations (vertical, horizontal and magic
angle), and are shown in Fig.1.2. The measured TOF


























































































