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HIGH-CONCENTRATION TRITIUM SENSO R

Stephen N . Paglieri, Scott Richmond, Ronny C . Snow, John S . Morris, Dale G . Tuggle

Los Alamos National Laboratory: P.O. Box 1663, Los Alamos, New Mexico 87545, steve.paglieri@lanl.gov

A bi-layer device was fabricated and tested for the
direct collection of electrons emitted by tritium beta
decay. The sensor functions at high pressures and
concentrations where previously no simple and cost
effective direct measurement technique existed for tritium .
A polished KOVARTM (Fe-Ni-Co alloy) rod was coated

with a 1-,um thick insulating layer of alumina using
electron-beam evaporation, physical vapor deposition
(PVD) of aluminum with oxygen dosing . The alumina
deposition process was optimized to minimize pinholes
and obtain a stable coating with high resistivity . The
detector exhibited a nanoampere electrical response over
a few decades of tritium concentration, up to pure tritium
at 200 kPa . The sensor has been in service for several
months now without showing signs of degradation and no
discernible physical damage or change in efficiency or
linearity has been observed.

1 . INTRODUCTIO N

When handling tritium , it is desirable to be able to
quickly measure the concentration inside process lines or
vessels . Present technologies for accomplishing this task
include taking samples for assay or calorimetry , a method
that is inherently time consuming and increases the risk of
worker exposure to radionuclides . The state - of-the-art in
tritium concentration measurement is the ion - chamber .
While ion-chambers perform very well at lower tritium
concentrations up to around I Ci/m3 (37 GBq/m3), their
primary weakness is saturation at higher concentrations
resulting in loss of accuracy . Ion chambers are used
primarily as room or stack monitors and to .measure low
tritium concentrations inside gloveboxes or process lines .

It is desirable to have a compact sensor for
instantaneous determination of t ri tium levels in systems
that are not readily accessible . Knowing the tritium
concentration inside process piping or pressure vessels in
real time would increase the safety of operations by
lowering the potential for an inadve rtent tritium release .
In order to be ofuse, a sensor must be accurate over a
broad range of tritium concentrations and endure
radiolytic damage without sacrificing performance over a
period of years .

Tritium decays into a 3He atom with a 12 .323 year

half-life resulting in beta electron ((3") and antineut rino
(v') emission[]] :

3H-*3He+(3-+v' (l) .

Discovery of the electron-voltaic effect [2° 31, or th e
generation of electricity caused by the deceleration of
decay electrons across a field within a semiconductor
junction , was followed by research aimed at the
fabrication of a nuclear ba ttery or betavoltaic [3'91
Semiconductor p-n junctions and Schottky barrier devices
have been used to conve rt the energy of beta decay into
electricity . Over the past half-century, as the quality and
availability of semiconductor junctions comprised of
va rious materials increased , higher conversion
efficiencies were obtained . However, in all cases the
output decreased with time presumably due to tritium
diffusion into the material causing either radiation
degradation or breakdown of the semiconducto r
properti esU ° ] .

Another approach is the direct collection of decay
electrons across a non-conducting medium151 . In this case,
direct collection employs a thin film of a large-gap
insulator barrier deposited on a conductor ( Fig . 1) . The
sensitivity or collection efficiency of the tritium detector
depends on an understanding of high - energy electron
a ttenuation in materials , specifically the range-density of
electrons in various mate rials . Given that the average
energy of the tritium beta decay spectrum is relatively low
(5 .7 keV)~11 compared to other radioisotopes, a thin
insulator film on the order of a few microns or less must
be utilized to prevent a complete loss in collection
efficiency .

The sensor performance is described as follows .
Electrons from triton decay pass though the very thin
alumina insulating layer and are collected in a conductive
collector (KOVAR rod) . Very few of the electrons that
pass through the alumina dielectric insulating layer are
able to escape back to the tritium gas . An electrometer
circuit measures the current, which the signal is directly
propo rtional to the amount of tritium surrounding the
sensor . The advantage of a material such as alumina
(A1203) as the insulator, is that it is an effective hydrogen
barrier with low hydrogen isotope solubility . It is
expected that the sensor will possess a negligible
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Fig 1 . Beta pa rticles from tritium decay penetrate a thin insulator (alumina ) resulting in charge separation . The amount of
charge that penetrates through the insulator and is collected in the thick conductor (KOVAR ) is measured as a current by the

electrometer ( simplified for illustration) .

background signal and will also be resistant to
degradation due to tritium dissolution and radiation
damage. KOVAR was selected as a support because of its
low coefficient of thermal expansion that reasonably
matches that of alumina . Additionally, alumina contains
relatively light nuclei so that backscattering of electrons is
minimal .

Since tritium betas have a limited range in even the
thinnest layers of material, a simple exponential equation
can be used to approximate beta electron attenuation and
estimate the number of electrons expected to reach the
conductor,

I =k•10 'e-PIP (2 )

where] is the sensed or estimated current , k is a fixed
geometry factor approximately equal to 0 .25 for the

sensor rod, 1o is the incident current , p is a composite
a ttenuation coefficient calculated to be 8148 cm2/g, t is

the thickness of the attenuating mate ri als, and pis the
density of the attenuating materials . Since the gas
surrounding the sensor i s much less dense than the

alumina layer, ,u, approximates the dominant influence of
alumina on beta a ttenuation . Based on these design
principles, the fabrication and testing of a robust tritium

sensor for the measurement of high concentrations of
tritium has been carried out at Los Alamos National
Laboratory for use in routine tritium operations . Proof-of-
principle experiments have demonstrated that the
development of a simple, reliable and very compact high-
concentration tritium sensor for process monitoring is
feasible .

II . EXPERIMENTA L

.KOVAR rod stock of 0 .64 cm diameter was cut to 10
cm lengths, and polished with diamond paste . One end of
each rod was threaded on the inside and the other end was
rounded off. The rod was rinsed in methanol that was
blown off with high-purity nitrogen, and then mounted in
the PVD vacuum chamber. The chamber was evacuated

using a cryopump to <_ 10-6 torr prior to deposition .
Aluminum was evaporated using an electron beam

(0 .05 mA) with periodic dosing of oxygen into the
chamber up to a pressure of ] • 10-4 torr to deposit alumina
onto the KOVAR rod . Coating rates and thicknesses were
estimated with a qua rtz crystal mounted near the sample .

Sample temperature during deposition ranged from room

temperature up to 300 °C as measured by a thermocouple
near the rod in the chamber . The entire rod was heated by
a lamp inside the chamber . During the alumina
deposition , the rod was held at an angle and rotated
axially to ensure more uniform coverage . The rod was
coated with alumina except near the threaded end .

Electrical resistivity of the coating was measured by
partially immersing the probe in a beaker of saltwater and
measuring the resistance from the solution to the rod .
Samples with low resistivity were discarded . A ferrule

machined from VespelTM was designed to minimize stress
on the alumina coating and fit in a standard SwagelokTna
compression fitting . The coated rod was sealed into a
VCR reducing union using the Vespel ferrule backed by a
stainless steel ferrule in a standard compression fitt ing

close to the threaded end . Fig . 2 is a photograph of the
sensor hardware while Fig . 3 is a schematic of the sensor
assembly . This assembly was connected to a t ri tium
vessel while the free volume i n the tube directly around
the sensor was -6 cm ; .



Fig . 2 . Tritium sensor hardware . Top (from left to right) :
VCR reducing union, Vespel ferrule, stainless stee l

hacking ferrule, and Swayclok nut . Middle : test assembly
with alumina coated KOVAR probe scaled into

VCR!Swagelok feedthrough . Bottom: alumina coated
KOVAR rod .
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Fig . 3 . Tritium sensor experimental assembly .

The tritium vessel was plumbed into a gas supply

manifold and various mixtures of tritium with deuterium

and helium-3 as well as pure tritium ranging in
concentration up to 10c' Ci .-m' (37 PBq ;m') were fed to the

test volume and the short-circuit current was measured
using a calibrated electrometer . A real-time mass
spectrometer (RTMS_ Balzers, Quadstar QMG-42 I
measured the mass 6 signal through a leak connected t o
the tritium vessel while a precision pressure transducer
(200 PSIA Heise, 0 .02"0' accuracy) measured pressure .
The sensor was exposed to tritium for several days at a
time to observe any changes in performance .

III . RESULTS AND DISCUSSIO N

The alumina coatings on the KOVAR rods were
varied from 0 .5-2 pm thick . Resistance was not strongly
related to thickness but had a strong dependence on PVD
parameters . In particular. higher deposition temperature
produced more coherent films that had higher resistivity .

In fact . alumina films deposited at lower temperatures had
numerous cracks visible by optical microscopy . The
sample with the highest resistance (-100 MSS) had a 1 pm
thick alumina coating deposited at 300°C .

The electrical response of the sensor during exposure
to varying concentrations of tritium is displayed in Fig . 4 .
It can be seen that the output signal (current, nA) was
between the incident and estimated currents (Eq . 1) given
the geometry . and attenuation . The incident and estimated
current fall off at higher pressure due to attenuation in the
gas phase . The sensor current parallels the tritium
concentration (right axis) . indicating the ability of the
sensor to measure tritium concentration in this partial
pressure range (10-100 kPa) .

When gas of a given composition was removed and
replaced on the sensor, this current vs . tritium partial
pressure characteristic curve was essentially repeatable .
Since the tritium level increased slightly in the glovebox
during the test due to permeation through the Vespel
ferrule used to seal the sensor into the assembly (Fig . 3), a
hermetic fcedthrough is under development that avoids
the use of a polymer compression fitting .
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Fig . 4 . Electrical output of sensor vs . tritium partial
pressure . The detector consisted of a Kovar rod coated

with 1 pm of alumina . Also shown is the incident current,
1l,, estimated current, 1 . and tritium concentration (right

axis) . The sensor consisted of a KOVAR rod coated with
I pm of alumina .

Another effect observed was noise in the signal at
lower tritium concentrations . Capacitive effects were
especially noticeable at the lower currents, below 10'
Ciim' (3 .7 PBq ;m') . The largest contributors to short term
signal drift were space charge accumulation and the
sensor RC time constant . Diffusion to the vessel walls of
positive ions created by triton decay is relatively slow
compared to the mobility of electrons with keV energy .
Biasing the sensor with a slight positive charge (+I V)



would create an electric field to sweep positive ions to the
wall (with minimal effect on fast electrons) to prevent
space charging and minimize drift .

Sensor performance was estimated using simple
exponential decay electron attenuation estimates for the
gas (variable due to pressure change) and alumina (fixed
thickness) while taking the cylindrical geometry into
account . The most linear performance should be obtained
by using a very small, known volume around the sensor to
minimize the effects of decay electron attenuation in the
gas . Variability in sensor output was attributed to a couple
of factors . First, the RC time constant or response time of
the sensor depended on the configuration of the calibrated

electrometer circuit . The electrical circuit was
successively optimized to obtain faster response by
adjusting the resistance, Rf(see Fig . I ) . Furthermore, the
presence of other gases such as deuterium or helium-3
increased the attenuation of decay electrons in the gas
phase at a given tritium partial pressure due to the higher
overall pressure .
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Fig . 6 . Electrical output of the sensor vs . tritium partial
pressure for gas containing pure or 78 .5% tritium .
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Figure 5 . Electrical output of sensor and RTMS mass 6
signal (le ft axis), and tritium pressure (right axis) vs . time .

The electrical response of the sensor with an
improved electrometer under varying pressure of pure
tritium is shown in Fig . 5 . The electrical output of the
sensor parallels the RTMS signal (mass 6) and the tritium
pressure . It is notable that at lower pressures, the sensor
output more closely parallels the pressure transducer than

the RTMS. This is probably due to the leak valve and
long length of tubing that leads to the RTMS inlet . Fig . 6
displays the same data (thick solid line) for the pure .

tritium test shown in Fig . 5 except with sensor output
plotted vs . tritium partial pressure . A fairly linear signal
was observed from concentrations as low as 104 up to 106
Ci/m3 (0 .37 to 37 PBq/m3) with little or no hysteresis . For
a mixture of tritium and deuterium containing 78 .5%
tritium, the electrical output of the sensor was lower due

to the shielding effect of the inert gas present (deuterium)
and the higher total pressure .

Also in Fig . 6, the sensor current exhibits a
decreasing slope at higher pressures . This is consistent
with the calculation that saturation should occur at 200 psi
for the sensor in the present configuration . At 200 psi the

range of even an 18 .6 keV decay electron normal to the
detector surface is less than the distance to the sensor
surface, so no further increase in signal is possible .
Therefore, tritium measurement at higher pressures can
only be achieved by reducing the gas volume around the
sensor .

The sensor has been in service for several months
without showing signs of physical degradation. The low
range performance will be improved to extend reliable
indication one or two decades lower by improving the
electrometer circuit for faster response, making the sensor
less capacitive (thicker alumina coating) and biasing the
sensor to eliminate space-charge effects . Increased
sensitivity to lower partial pressures of tritium can also
likely be obtained by reducing the surface roughness of
the KOVAR rod and optimizing the deposition

parameters to produce an ultrathin (< I p.ni), defect-free
alumina coating .

IV. CONCLUSION S

A tritium sensor fabricated from a KOVAR rod
coated with a I -µm thick alumina layer exhibited a
reasonably linear electrical response to tritium
concentrations ranging from 104 to 106 Ci/m3 (0 .37 to 37
PBq/m3) . No signs of material degradation or substantial
changes in performance were observed over the course of
several months of testing with periodic exposure to pure
tritium. At lower concentrations, the signal was noisy due



to sensor capacitance . It is thought that by biasing the
sensor and development of a thicker, defect-free alumina
film that accurate measurement of tritium at low
concentration can be obtained .

The data obtained in these proof-of-principle tests has
made it clear that a simple, robust sensor is neither
difficult nor expensive to make . The experience from
these preliminary tests .has highlighted several key
improvements that will make the sensor more useful and
extend its range :

• reduce the RC response by improving the
electrometer and reducing sensor
capacitance

• reduce the size (perhaps no bigger than a
VCR plug)

• reduce and optimize the volume around the
sensing electrode to improve linearity and
reduce gas composition related effect s

• use slightly thicker alumina films to take
advantage of only the decay electrons with
greatest range

• bias the sensing electrode to reduce or
eliminate space charge effects

• use a tritium impermeable (ceramic)
feedthrough for long-term use

Accurate and simple measurement of high tritium
concentrations should be facilitated by using this direct
measurement approach .
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