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Jesse effect caused by impurities in helium might enhance the output signal significantly in tritium
measurements with ionization chamber, which will lead to overestimation of tritium concentration in
experiments. A theoretical method was proposed to evaluate Jesse effect quantitatively. Results indicate
that besides Penning ionization, sub-excitation electrons also place very important influence on ioni-
zation enhancement by Jesse effect. An experiential expression about the relationship between
enhancement factor and impurity concentration was established, in which second order of it fits
experimental results very well. Theoretical calculation method in this paper is also applicable to evaluate
Jesse effect in other kinds of mixtures besides hydrogen as impurities in helium. In addition, Jesse effects
about tritium molecules as impurities have also been investigated.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Tritium is one of the most important fuels in fusion research,
and a large amount of tritium will be used in fuel recycling system
for a fusion reactor [1,2]. Therefore, a lot of research have been
carried out to find a way to breed tritium in fusion reactor to make
tritium self-sustainable [3-5]. During those research, tritium
measurements are of great importance to obtain tritium produc-
tion rate and tritium release behavior for tritium breeding mate-
rials. Many kinds of methods have been developed for this purpose
[6-8], such as thermoluminiscent dosimeters (TLD), liquid scin-
tillation counter (LSC), secondary charged particle activation
(SCPA), and ionization chamber (IC). Among those methods, TLD
and SCPA are passive method and are used to measure the amount
of tritium. LSC is also used to determine the total amount of pro-
duced tritium. IC is used to determine both tritium production and
tritium release behavior, because ionization chamber is a real time
method and can be used to measure tritium directly. And much
research have been done to improve the performance of ionization
chambers for tritium measurements [9-11].

In tritium recovery experiments both in-pile and out-of-pile,
helium is often used as carrier gas [3,7]. To improve the tritium
recovery performance, some additional gases will be mixed into
helium, such as hydrogen. Although hydrogen concentration is
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usually very low (less than 1%), it might lead to significant increase
in output signal detected by ionization chambers due to Jesse
effect which was observed firstly in experiment with noble gases
by Jesse in 1952 [12,13]. Many people have noticed the importance
of Jesse effect on tritium measurements in such situations and they
have carried out several specified experiments to examine it [14-16].
Among these work, with helium and minor hydrogen as carrier gas,
Rodrigo observed in experiments that the enhancement factor at
hydrogen partial pressure 10,000 ppm was as large as 1.44 times of
signal obtained with pure helium, and Slagle obtained 142 at
5000 ppm. However, they only analyzed this phenomenon qualita-
tively and attributed the signal enhancement to Penning ionization in
which meta-stable helium atom (He*) ionized the impurities [17]. Till
now in literature, there is no explicit theory to specify the influence
of Jesse effect on tritium measurements.

In this paper, influence of Jesse effect was studied in detail. Not
only Penning ionization, but also sub-excitation electrons were
included into the analysis. An experiential formula was introduced
to fit experimental data, which can be used to calculate
enhancement factor quantitatively. In addition, the effect of tri-
tium atoms as impurities was also discussed.

2. Theory

For the energy of beta rays emitted by tritium is low, about
5.65 keV in average, tritium in gaseous form should be introduced
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into the sensitive region of an ionization chamber to perform
measurements. During measurements, high voltage is applied to
the chamber to ensure it works in saturation mode, in which
nearly all the ions can be collected and contribute to output signal.
Generally, beta ray will transfer its energy to carrier gas by
ionizing and exciting. The ionization energy of helium atom is
24.59 eV, and its ground state is 1s2 [18]. According to Stone's
work [19], there are five main excitation energy levels (He*), 1s2p,
1s3p, 1s4p, 1s5p, 1s6p, and their energies are 21.218 eV, 23.087 eV,
23.7421 eV, 24.0458 eV, 24.2110 eV, respectively. However, the
ionization potential for hydrogen (Iy,) is only 15.42 eV [18]. It is
obvious that the meta-stable level of He* is much higher than the
ionization energy of H,. As a result, He* will transfer its energy to
hydrogen by colliding, and some ions will be produced in this
process, which is called Penning ionization [17]. In addition, dur-
ing the ionizing process by beta rays, many free electrons will be
produced, and their energy is lower than the excitation energy of
helium atom. These electrons are called sub-excitation electrons
[20]. The energy of some sub-excitation electrons is higher than
Iy,, and they have some opportunities to ionize hydrogen, too. For
carrier gas composed of helium and minor hydrogen, the energy
transfer process is shown in Fig. 1.

In Fig. 1, it is obvious that there are four ways to create ion pairs
which will contribute to final signal output, marked as (1)-(4).
Among those processes, (1) and (2) are produced by beta rays
directly, while (3) and (4) are induced by sub-excitation electrons
and helium atoms in meta-stable state. Comparing with helium,
hydrogen molecule can be disassociated into two hydrogen atoms
after absorbing energy.

2.1. Calculation of total ions created in ionization chambers

According to analysis above, generally, the total number of ions
(Ngo¢) produced in the ionization process should be expressed as

Ntot = Nion—dir—Hz +Nion—dir—Hc +Nion—sub. +Ni0n—pen. (1)

where Nion—dir—HEv Nion—dir—sz Nion —sub.» and Nion—pen. are number
of ions created in processes (1), (2), (3) and (4) in Fig. 1,
respectively.

2.2. lons produced directly by beta rays in helium and hydrogen
mixture

In Eq. (1), the first two terms are produced by beta rays directly.
For helium and hydrogen mixture (hydrogen as impurity), the
probability for beta ray to induce an ion pair depends on the
average ionization cross-section (og.) of them, and o, can be
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Fig. 1. Schematic of energy transfer process in helium and hydrogen.
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Fig. 2. Comparisons of ionization cross-section for H, and H,.

calculated by the following equation:

1% - OH, +p]1;e
where py, and py, are the partial pressure of H, and H,, respec-
tively. P is the total pressure in the chamber. oy, and oy, are the
ionization cross-section per molecule for H, and H,, respectively.

In Eq. (2), for an ionization chamber operated at given pressure,
it indicates that two parameters are in charge of the final prob-
abilities, partial pressure (p) and ionization cross-section (o). For
mixture of hydrogen as impurity in helium, the probabilities for a
beta ray to ionize a hydrogen molecule can be denoted as

Oave =

- OH, (2)

Otot—H, _PH, OH,
Otot—H, PH, OH.

3

The ionization cross-section (o) depends on the energy of beta
rays. For beta rays emitted by tritium (average energy of its beta
ray is 5.65 keV), details are shown in Fig. 2 [21].

In Fig. 2, ionization cross-sections for both helium and hydro-
gen decrease gradually as energy increases. However, the ratio of
cross-sections for hydrogen and helium (oy,/oy,) varies only a
little, from 1.8 to 1.9. On the other hand, the partial pressure of
hydrogen is very small comparing with helium in the mixture. For
instance, using helium and hydrogen mixture as carrier gas in
tritium recovery system, the concentration of hydrogen is usually
lower than 1%. Taking both factors into consideration, it is obvious
that in such situations, ions created by beta rays ionizing hydrogen
directly, Nion _ gir — n,, are negligible comparing with Nio, _ gir _ . For
partial pressure of hydrogen which is 10,000 ppm, ions devoted by
ionizing hydrogen directly are less than 2% of Ny, As a result, beta
rays of tritium will transfer almost all of their energy directly to
helium atoms. Therefore, only the latter three items in Eq. (1), ions
produced by H;}', H} and sub-excitation electrons will be included
in the following calculations.

3. Calculation of the enhancement factor K

Taking all the three parts into consideration, the total number
of ion pairs (N;.) created by one beta particle can be denoted as
follows:

Ntot = Nz’on—dir—He +NEX . 77@)+Nsub. :B . ”/(p) (4)

where N, is the number of H} (H, atom in excitation state). (p) is
the probability for a H} to produce an ion pair by transferring its
energy to hydrogen. Ny, is the number of sub-excitation elec-
trons, and it is equal to N, _gir_p,. ff is the probability for a sub-
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