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Abstract

We present the work on development of copper (Cu) substrate based thin film titanium (Ti) hydride targets for neutron
generators. These targets have been specifically developed for portable neutron generators that find application in
detection of special nuclear materials and explosives, detector calibration and the industrial neutron radiography. In the
light of these select applications and the restrictive monopoly of foreign suppliers, this import substitute technology
assumes critical significance as these targets are consumable and need to be replaced after a few hundred hours of
operation in a neutron generator. Thermal vapor deposition followed by chemi-adsorption of deuterium (D) or tritium
(T) has been used to produce thin film titanium hydride (TiD, and TiT,). These D and T loaded targets have given neutron
yield of ~10° and ~10° n/s, respectively in an indigenously developed portable neutron generator.
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Introduction

C accelerator based neutron

generators, in particular

portable neutron generators
(PNG) besides having applications in
areas, including detection of special
nuclear materials, explosive detection,
narcotics detection, neutron
radiography are also extensively used
in oil well logging, mining
exploration, coal analysis for power
plants, material characterization and
prompt gamma neutron activation
[1-7]. Small size PNG comprise of an
ion source, compact linear DC
accelerator and neutron producing
target (TiD, or TiT,). In neutron
generators, interaction of an
accelerated D-ion beam with the target
produces mono energetic neutrons
through D-D (2.45 MeV) / D-T (14.1
MeV) fusion reaction. The neutron
target usually consists of few micron
thick metallic getter film deposited on
a metallic substrate of high thermal

BARC NEWSLETTER NOVEMBER-DECEMBER 2020

conductivity. This getter film is then
exposed to deuterium or tritium gas,
thereby forming an active metal
hydride neutron producing layer. In
order to get a stable neutron output in a
neutron generator, the neutron
producing target should possess
properties such as high thermal
stability, high hydrogen isotope
storage capacity, mechanical stability
under energetic particle interaction
and high heat conductivity besides the
ease of fabrication. Thin films of
Titanium, Zirconium, Vanadium,
Hafnium, Niobium, Lithium,
Lanthanum, Yttrium, or Thorium as
well as various alloys have been
widely used in storage of hydrogen
and its isotopes by researchers [8].
Amongst these, Ti has been found to
be a material of choice for neutron
targets as it is economical, ability to
withstand high temperatures and
hydrogen isotope storage capacity
(H/Ti) as high as 2, which gives a high

neutron yield. However, development
of these getter films is one of the
technological challenges. In this work,
we report development of these targets
by depositing ~ 3.5um Ti film on
16mm diameter Cu-substrate, using
thermal vapor deposition.

Deposition of Ti films

Owing to its high thermal conductivity
and ease of machinability, oxygen free
high conducting (OFHC) copper was
chosen as a substrate material for
preparation of targets. Copper (Cu)
discs of 16 mm diameter and 0.6 mm
thickness were cut from a pre-
fabricated rod of similar diameter.
These discs were polished, cleaned
physically first and later using
ultrasonic cleaner prior to deposition
to avoid any surface contamination.
Thermal vapor deposition method was
used to deposit a uniform Ti thin film
onto the Cu substrate. This method
was chosen over other methods such
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Fig. 1: (a) Deposition arrangement inside thermal evaporator, and (b) zoomed
image showing the filament and the heater containing the Cu disc with SS mask

Fig.2: Deposited Tilayer (3.51um) on

Copper Target

as DC or RF sputtering, as it offers
required thickness (in micrometers) in
a few hours time, besides being quite
economical. Fig.la shows the
mounting set-up, Ti wire loaded
tungsten (W) filament and Cu disc
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with stainless steel (SS) mask inside
the bell jar of thermal evaporator. A
close-up view of the same is shown in
Fig.1b. The melting point of Ti is
1668°C and in the physical vapor
deposition using W-filament, it is

Titanium Hydride targets for Portable Neutron...

possible to generate temperature close
to 1800°C, thereby ensuring
evaporation of Ti. Thickness of the
deposited film was estimated by
weight difference method using an
ultra-precision weighing balance of
least count 0.1 mg. Fig.2 shows the as-
deposited Ti film on the Cu substrate.
The greyish colour of the deposited
film indicates metallic nature of the
deposited material.

Ti getter film characterization

The quality of a film is determined by
uniformity of the deposited layer,
good adhesion to the substrate above
the activation temperature and low
absorption of residual gas (mainly
oxygen). The developed Ti film was
characterized by employing Scanning
Electron Microscopy (SEM), X-ray
Photoelectron Spectroscopy (XPS)
studies and by estimating the amount
of absorbed residual gas using
Residual Gas Analyzer (RGA) [9].
SEM studies were predominantly
carried out to determine the
uniformity of microstructure of the
deposited film.

The cross-sectional and lateral SEM
image as shown in Fig.3 indicate the
overall uniform deposition and >95%
of solid density of Ti (4.506 gm/cc).
During cooling cycle in the evaporator
system, it is likely that the Ti may pick
up the oxygen and form Titanium
oxide. To confirm the presence of
oxygen, XPS measurements were
carried out using Mg-K, (1253.6 eV)
source. Fig.4 shows the Ti-2p and
O-1s spectra for as-deposited Ti films
on the Cu discs. The measured peaks
indicate that the deposited film has
Ti/TiO, composition top surface up to
20 nm along with possible excessive
adsorbed oxygen. The amount of
dissolved oxygen in the deposited Ti-
films was determined using RGA at
vacuum level of ~10 mbar and
substrate temperature of ~100°C. The
oxygen out-gassing curve recorded for
bare and Ti deposited Cu substrate is
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Fig. 3: SEM Snapshots of deposited Ti layer showing uniformity
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Fig. 4: Ti-2p and O-1s spectra for Ti films on OFHC Cu discs

(a) and (b) respectively

shown in Fig.5. Extra dissolved
oxygen of ~ 470 ppm (£ 10%) was
measured for Ti deposited Cu
substrate as compared to bare Cu,
thereby confirming the good quality of
the Ti films. Importantly, the
deposited film offered a service
temperature of up to 500°C, a clear
indication that the film doesn't peel off
up to this temperature, which is a
necessary prerequisite for their
application as neutron generators.
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Fig. 5: Oxygen out-gassing curves for bare copper

sample and Titanium film coated sample

Loading of hydrogen isotope in Ti
film

Hydrogen isotopes (D or T) loading in
the Ti (~3.5um) thin films targets were
carried out using indigenously
designed and fabricated ultra-high
vacuum (UHV) gas handling manifold
installed inside an inert atmosphere
glove box. The UHV system consists
of reaction vessel, pre-calibrated
volumes, pressure and vacuum gauges
and turbo molecular pumping station.

Prior to loading of hydrogen isotopes,
the Ti target was activated by heating it
up to 500°C under high vacuum
conditions and the activated Ti target
was exposed to hydrogen isotopes.
The system pressure was monitored
and the hydrogen isotope
concentration in Ti target was
calculated by employing pressure-
volume relationship. The final
composition of the TiQ, (Q = H or D)
phase was calculated from the final
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Fig. 6a: Deuterium target

— Penning
Ton
Source

Fig. 7: Portable Neutron Generator Schematic

Fig. 8: Neutron generated bubbles in a bubble
detector from deuterium target in D-D mode

Fig. 9: Neutron generated bubbles imaged using
bubble detector reader for yield estimation from
tritium target in D-T mode
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Fig. 6b: Tritium Target

Shroud

pressure of the system. For 3.5um
thick Ti film of 12mm diameter, and
volume of ~4 x 10%cc, deposited on
16 mm diameter Cu substrate, the
amount of deuterium loading was
found to be 2.1 (£10%) standard cubic
centimeters (scc). Similarly, tritium
loaded target was found to have an
activity of ~3 Ci (£10%) for the same
thickness of Ti. Calorimetric results
were corroborated with the
composition calculated from the
pressure-volume relationship. Fig.6a
& Fig.6b show the physical
appearance of D & T loaded targets,
respectively.

Testing of targets in portable
neutron generator

The Titanium-hydride targets (both
TiD, & TiT,) were tested in an
indigenously developed portable
neutron generator. Fig.7 shows the
schematic and the photograph of the
generator assembly. It consists of a
miniature penning ion source, a
suppression metallic shroud and an
externally cooled target holding
assembly put together in proximity
focused triode geometry. Gas insertion
in the ion chamber from a gas cylinder
was controlled using precision gas
dosi-valve. The penning ion source
was operated at deuterium gas
pressure of ~2x10° mbarusing 0-3kV
DC power supply. The D+ ion beam
was extracted through an aperture and
accelerated up to ~80 kV DC before
their interaction with the target
material. In this generator, the target
electrode was maintained to a high
negative potential (— 80 kV) and the
ion source at ground potential. The
high energy ion beam hits the solid
neutron target to produce fusion
neutrons. Fig.8 shows the neutron
generated bubbles in a bubble detector
from the D-target in D-D mode. The
neutron yield was estimated by
counting the number of bubbles,
detector sensitivity and dose
equivalent for D-D (2.45MeV)/D-
T(14.1MeV) neutrons [10].Fig.9
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shows neutron generated bubbles
from T-target in D-T mode using a
bubble detector reader. In case of
deuterium target, the neutron yield
was estimated to be ~10° n/s, whereas
for the tritium target it was estimated
tobe~10"n/s.

Conclusion

A process for fabrication of Titanium
hydride (TiD, & TiT,) targets on Cu
substrates for portable neutron
generator application has been
successfully designed, developed,
rigorously tested and validated.
Excellent quality Titanium getter
films of highly preferred thickness of
~ 3.5um, having good adherence and
service temperature of ~500 C were
deposited using thermal vapor
deposition technique on a Cu
substrate. For a 3.5um thick and
12mm diameter Titanium film with
active volume of ~4 x 1 0”cc deposited
on 16mm diameter Cu substrate,
deuterium loading of 2.1 (= 10%)
standard cubic centimeters (scc) was
achieved, and this target provided a
neutron yield of ~10° n/s in an
indigenously developed portable
neutron generator. Similarly, ~3 Ci
(£10%) activity of tritium was
achieved for the same Ti thickness
resulting in a neutron yield of ~10°n/s.
Moreover, thermal vapor deposition
system was also suitably modified and
optimized to obtain Titanium films of
up to 35 mm diameter (active layer).
Efforts are in progress for developing
of Ti films having thickness of 10um,
which can potentially result in targets
for high yield (= 10"n/s) neutron
generator applications.
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Abstract

Low level solid wastes (£ 2 mGy/hr) are managed either by compaction or incineration. Cellulosic wastes undergo
incineration to offer a volume reduction factor of 30-50, whereas rubber and plastic wastes are compacted to give a
volume reduction factor of about 3. Conventional incineration of such wastes releases toxic gases, viz. Dioxin and Furan.
High temperature plasma process is internationally accepted as an effective solution for incineration of all types of
combustible wastes. The exhaust emissions out of this process are well within the standards prescribed by government
agencies. The present article provides a brief account of efforts to demonstrate plasma based technology for management
of all types of potentially combustible radioactive solid wastes. The 25kg/hr-capacity-system designed to carry out this
activity has been equipped to treat wastes in a single step at a very high temperature (> 1500 K). Experience gained
during the demonstration runs would help in scaling the system's capacity significantly higher to treat 50 kg/hr. The
scaled-up version could see immediate deployment across several DAE facilities besides having potential applications
for managing municipal wastes upwards of 100 tons per day.

Keywords: High temperature plasma process for pyrolysis and incineration, Plasma Chamber, Low Level
Radioactive Solid Wastes, Volume Reduction Factor (VRF), Cu-Hf torch, Graphite torch, Compaction,
Incineration, Combustible Wastes, Dioxin, Furan, Nuclear Recycle Group

Introduction

uclear energy/radiation

facilities generate secondary

solid wastes during their
day-to-day operation and maintenance
(O&M) activities, which may cause
potential radioactive contamination
[1]. These radioactive wastes are
classified into six categories viz.
1) Exempt waste 2) Very short lived
waste 3) Very low level waste 4) Low
level waste, 5) Intermediate level
waste and 6) High level waste, mostly
based on the level of radioactive
contamination and disposal
requirements [2]. Solid wastes with
low level of radioactivity require pre-
disposal management for volume
reduction [3]. In BARC Trombay, low
level solid wastes (£ 2 mGy/h)
originating from O&M of various
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facilities have rubber, plastics and
ventilation filters, which constitute
more than 70% of'total volume [3,4].

For volume reduction of waste prior to
their disposal in the Near Surface
Disposal Facility, cellulosic waste is
incinerated using oil/diesel-fired
incinerator whereas rubber, plastics
and ventilation filters are usually
compacted [4,5]. Incineration results
in very high Volume Reduction Factor
(VRF) of 30-50, whereas compaction
leads to relatively much lower VRF of
3-5 [4,5]. Incineration of rubber and
plastic wastes by use of conventional
fuel-fired incinerators is not highly
preferred due to generation of toxic
gases like dioxins and furans due to
lower operating temperatures [6,7]. Of
late, advancements in plasma-based
technology for pyrolysis/incineration

showed good promise, and the
technology may be applied for the
management of combustible wastes,
as high-temperature plasma
substantially reduces formation of
dioxins and furans [7,8,9].

In the past the Institute of Plasma
Research (IPR) had successfully
demonstrated the working of graphite-
based plasma system, and deployed it
for management of medical waste and
domestic waste [10]. Therefore,
plasma-based pyrolysis/incineration
of combustible, low level radioactive
solid wastes see high level of volume
reduction, and the approach is eco-
friendly because dioxins, furans and
poly aromatic hydrocarbons in the
exhaust gas are well within the
prescribed norms for emission.
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Fig. 1: Layout of plasma pyrolysis and incineration demonstration facility

Development of plasma pyrolizer
and incineration demonstration
facility

In order to demonstrate the advantages
of high temperature process, it was
decided to integrate a plasma
pyrolyser prior to the existing fuel-
fired incinerator as shown in Fig. 1
[11,12]. The existing incineration
facility comprises of fuel-fired
primary and secondary combustion
chambers, settling chamber, cyclone
separators, bag filters, HEPA filters,
blower and stack. A plasma pyrolyser
was retrofitted into the existing system
such that the gaseous products from
the pyrolyser can be directed to
primary chamber followed by the
secondary chamber for combustion.
From the readily available plasma
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technologies of DAE, a non-
transferred atmospheric type of
plasma was selected for pyrolysis.
The pyrolyser is provided with two
types of plasma systems - metal
electrodes and graphite electrodes.
The pyrolyser has been designed to
process 25 kg/hr [12].

The retrofitted plasma demonstration
set-up has following components:

a) New dedicated plasma chamber,

b) A dedicated waste feeder unit with
upgraded design

¢) 10 TR and 5 TR Chillers for
cooling needs & associated piping
and services

d) Interconnecting duct between new
chamber and existing incinerator

combustion chamber with
isolation damper

e) 100 kWpower supply (50 kW+
50kW)

f) Two type of plasma system of 30
kW rating each viz.

(i) Graphite electrodes (1 Cathode + 2
Anode) — placed in inverted tripod
configuration

(ii))Metal electrode (Cu + Hf) torch
(developed by L&PTD, BARC) -
horizontally placed

Testing and commissioning
activities

The system was tested and
commissioned with simulated waste

in January 2018. About 400 kg of
simulated waste comprising of
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cellulosic, rubber & plastic waste and
mixed wastes was treated in about 10
trial runs (6 runs with L&PTD torch
and 4 runs with Graphite torch).
Operation parameters in both systems
were found to be satisfactory.

Parameters during testing trials were
noted as reference for actual active
runs. Necessary feedback with respect
to both plasma systems was enlisted
for performance enhancement and
improvements in safety aspects.
Detailed analysis led to necessary
design change in the original Cu-Hf
torch to achieve stable performance.
The action-taken report on the
recommendations was also reviewed
by safety committee along with the
feedback of inactive trials. It was
decided to take up continuous trails
with Cu-Hf based torch and Graphite
electrode based system was employed
as a stand-by unit.

After obtaining necessary clearances
from the safety committee, the system
was hot commissioned on September
19, 2018 for plasma demonstration
system at RSMS, WMD, NRG,
facilities by using Cu-Hf based torch.
The system successfully processed
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Fig. 2: a) Inauguration of plasma
pyrolysis and incineration
demonstration unit at Waste
Management Division (WMD), BARC,
by Shri K. N. Vyas, Chairman, AEC,
in presence of senior scientific
personnel in 2018. b) Plasma chamber
¢) Cu-Hf torch d) Graphite torch

more than 1200 kgs of potentially
active wastes (0.2-5 mR/hr). Feedback
of several batches amounting to
processing of 125 nos. of 64L
cardboard boxes (3-18 kg per box
range) has been summarized for future
studies.

Location of various thermocouples is
shown in Fig. 3. All active trial runs
completed at rated capacity
successfully. Observations are
enlisted as follows.

» Four runs were conducted, in batch
of 35-100kg actual active
cellulosic wastes with < 5% plastic
content processing 300 kg wastes
of 0.2-2 mR/hr contact dose.

* Two runs with mixed wastes
(~70% cellulosic and ~30 % rubber
and plastic) with contact dose of
0.5-1 mR/hr were carried out. The
waste here was the rejected
personal protective wears from
Decontamination Centre, WMD.

* A solitary run was conducted with
about 100 kg of cellulosic waste
with < 5% plastic content and
having 3-5 mR/hr contact dose.
The waste was collected from PP
and WIPin BARC.

Plasma Pyrolysis and Incineration...

* Two runs of round-the-clock
operation, of actual active
cellulosic wastes with < 5% plastic
content and having contact dose
0.2-2 mR/hr, processing more than
500 kg wastes.

Brief summary of the active runs is
listed below.

Torch operational duration
(continuous in a trial run/
Total): 22 hr/85hr.

Waste feeding duration
(continuous in a trail run/
Total): 18hr/50hr.

Waste feed rate in all trail runs:
18-25 kg/hr

Temperature (Max) achieved
in plasma chamber gas
space: 1350°C

Temperature (Max) for the
chamber wall :1300°C

Temperature (Max) in the flue
gas combustion chamber:
950°C

Operation of torches and

power supply:
Satisfactory

Operation of feeder unit:
Satisfactory

Waste to Residue ash ratio:
>30(v/v)or>18 (w/w)

Radiological discharges
through flue gases: BDL

Discharge gas composition
(CO, NO,, Co,, etc.): Within
Limits

Key observations and Future course

Upgradation of flue gas management
with wet type system is in progress
(Fig. 1). This will ensure prevention of
formation of Dioxin and Furans by
recombination as well as removal of
hazardous gases by scrubbing.
Utilizing the experience gained out of
operating the facility, a 50 kg/hr
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