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The space charge and the electrical current in a weakly ionized radioactive gas is theoretically
evaluated. The results are compared with experimental data for a deuterium gas at room tempera-
ture containing 0.1 mo1% of tritium. The dc electrical conductivity has been measured for gas den-
sities from 0.1 to 10 mo1/I and applied voltages over the range 0.1 to 400 V. The resulting current
density increases with increasing gas density and the decreases at higher densities. The theoretical
results show that the charge-density profiles in the gas as well as the space-charge potential change
dramatically with the applied voltage. Varying the electronic recombination coefficients until
theoretical predictions agree with the measured results provides a means to determine them. From
this comparison it is found that the three-body recombination coefficients is 6.2X10 ' cm s
whereas the two-body recombination coefficient is indeterminate and of little inhuence on the quali-

ty of the

fit

as

lon as its value isbelow 10 'cm s

I. INTRODUCTION

The radioactive decay of tritium offers a convenient
way to produce in a precise and uniform manner
electron-ion pairs in gases or even in condensed phases
which readily dissolve hydrogen. Since the decay prod-
uct is He, no chemically reactive species are introduced
than hydrogen. It is then possible to study with this tech-
nique various aspects of interest to radiochemistry, such
as electron mobility and electron-ion recombination in
dense gases and in liquids.

In the present paper we are specifically addressing two
issues: the effect of space charge on the current-voltage
characteristics of a weakly ionized gas and the magnitude
of the electron-ion recombination coefficient in a dense
hydrogen gas. The first issue takes us back in history to
the pioneering work of Thompson' on the conduction of
electricity through gases and to the attempts by him and
his contemporaries to theoretically derive the current-
voltage law. The second issue deals with a current
research topic, namely, the electronic collisional-
dissociative recombination of molecular ions in dense
gases. These two aspects are closely related in the
present study, because our ability to accurately compute
the current-voltage characteristic also enables us to deter-
mine the value of the recombination coefficient required
to bring theory and experiments into close agreement.

II. THEORETICAL FORMULATION

The experimental and theoretical configuration of in-
terest for the present study is a gas gap of width L
confined between two parallel metal plates to which an
external electrical potential V can be applied. At a
sufficient distance from the plate edges the electric field is
uniform and perpendicular to the plates. The analysis as

jz= —D Vp+pD V U,

j„=—D„Vn—nD„VU, (4)

are the cruxes of ions and electrons. Here, D and D„are
the diffusion coefficients for ion and electrons, respective-
ly, and

U =e@lkT eVx/LkT, —

with e the elementary charge, k the Boltzmann constant,
and T the absolute temperature. The electrostatic poten-
tial in the equation above is divided into a space-charge
potential 4 and the applied potential Vx/I. . The former
is determined from the Poisson equation

V N= —4ne(p —n)

and the boundary conditions that 4 vanish on the metal
plates.

We can also assume that the charges are neutralized
once they come in contact with the metal plates, so that
the boundary conditions for the charge concentrations
are n (0)=n (L) =p (L)=0

well as the plate area from which current is drawn in the
actual experiment will be restricted to this one-
dimensional region. In this region 0&x L, the concen-
trations of ions and electrons, p(x) and n(x) satisfy the
two diffusion equations

t)p

Bt
+'ttj =G —apn,

Bn +Vj„=G—anp,
at

where G is the generation rate per unit volume of ion-
electron pairs, a is a recombination coefficient to be
specified later on, and
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The solution of Eqs. (1), (2), and (6) has been con-
sidered by numerous researchers in the fields of gaseous
electronics and plasma physics as well as in various
branches of semiconductor technology. In attempts by
Thompson' and by Boucher, the diffusion terms in Eqs.
(3) and (4) were neglected, and recombination within the
space-charge regions were treated in an approximate
manner. When retaining the diffusion terms, numerical
approaches were employed, e.g. , by Allis and Rose,
Gusinov and Gerber, and an asymptotic analysis was
developed by Cohen and Kruskal. Extensive numerical
studies are routinely carried out nowadays in the context
of semiconductor device modeling, and we shall there-
fore not elaborate on the numerical method used in
this study to solve the above equations. However, we
would like to discuss one important aspect in the numeri-
cal determination of the current-voltage relationship.
Once the charge-density distributions p (x) and n (x) have
been numerically obtained, it is in principle possible to
evaluate their gradients at the metal plates and use Eqs.
(3) and (4) to find the current I =j (0)—j„(0).Because
of the steep concentration gradients near the metal
plates, however, the numerical accuracy that can be ob-
tained in determining the difference of two large gra-
dients was found to be insufficient. As a result, an expli-
cit expression for the current I had to be derived as fol-
lows. For the one-dimensional and stationary case of in-
terest here, Eqs. (1) and (2) can be formally integrated
twice, and the two integration constants can be deter-
mined from the boundary conditions. The net current is
then found to be given by

I=j (x) j„(x)—
f e U'"'Q(x')dx'

—U(x')y
0

J e""'Q(x')dx
U(x')dx i

0

where the cumulative source function is defined as

Q(x)= J [G —ap(x')n(x')]dx' .
0

(7)

A. Charge generation

The average kinetic energy carried off by the electron
emitted in the radioactive decay of tritium nucleus is
5.69 keV. This energy is expended in ionization, excita-
tion, dissociation, and elastic collisions with the mole-

The formula (7) displays several important facts. First,
the stationary current is independent of the position x, as
it must be. Second, all regions in space need to be con-
sidered for providing to the current, including those re-
gions where the recombination rate is equal to the gen-
eration rate and the cumulative source function exhibits a
plateau region. Third, the function I( V) cannot simply
be represented as a power law. Fourth, when recombina-
tion and space-charge effects are negligible, then

Q (x)=G (x), and Eq. (7) can be evaluated to give the sat-
uration current I,„=GJ, which is the charge-
generation rate in the gas volume swept out by the unit
area of collecting surface.

III. APPLICATION TO D-T MIXTURES

cules of the surrounding gas. Careful measurements have
been carried out by Combacher to determine the energy
expended by energetic electrons to produce ion-electron
pairs in hydrogen and deuterium gases. This energy was
found to be 34.6 eV for electron energies greater than
about 100 eV. Accordingly, every P decay of a tritium
nucleus produces on average about 165 ion-electron
pairs. With the decay rate constant for tritium of
A, =1.782X10 s ', the charge-generation rate is given

by Go = 165kf (2N), where N is the density of molecules

per cm in the gas mixture and f is the tritium enrich-
ment factor. This form of the charge-generation rate re-

quires some modification near the walls of the gas con-
tainer. The electron emitted in the radioactive decay has
a finite range ~ ' over which the ionization events are
distributed. All energetic electrons emitted by tritium
atoms at distances from the wall less than this range and
in directions towards the wall will dissipate some of their
energy in the wall material. The charge generation is
therefore expected to drop off from its maximum value in
the interior of the gas gap to half this value at the wall.
This decline near the wall is expected to be nearly ex-
ponential, and the following equation for the generation
rate expresses this behavior:

G (x) =330kfN[1 —exp( xL )cosh(~~2—x L~ )] . —(9)

The absorption of tritium p particles in hydrogen has
been measured by Dorfman, ' and his results yield an ex-
tinction coefficient given by a/N =7.36 X. 10 cm .

B. Diffusion and mobilities

(10)

This coefficient also includes the effects of multiple
scattering of the electrons at high gas densities according
to the theory of Braglia and Dallacasa. '

The primary ionic species produced by the P particles
are D+ and D2+ as well as their equivalents when D is
replaced by tritium. However, these ions quickly convert

Other parameters required for the numerical analysis
are the diffusion coefficients and the mobilities of the
charge-carrying species. The mobilities are in fact the
appropriate parameters that control the drift terms in
Eqs. (3) and (4), and the replacement of the mobility (M

with the relationship p =De /k T is strictly valid only
when the charged particles either gain less energy be-
tween collisions than the thermal energy or when their
momentum-transfer cross section is independent of their
velocity. The measured ratio of D„/p„for electrons in
deuterium" varies by about a factor of 4 over the range
of values for V/LN encountered in the present experi-
ment. This variation was found to be of little significance
in the analysis, as the ion mobility is the more prominent
limiting factor for the steady-state current. Therefore, an
average value of 0.09 nm was selected for the
momentum-transfer cross section" to determine the elec-
tron mobility and diffusion coefficient given (in cm s ')
by

D„=2.7X10 [(N/&T )(1+5.69X10 'N/&T )]
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and

P3=2. 15X10' /X

p, ~=1.97X10' /N .

(12)

(13)

The equilibrium constant E53 has been determined by
Hiraoka and Kebarle' and more recently by Elford. '

Both measurements are in good agreement and give

K53 =3.72 X 10 exp(1141.4/T) cm (14)

In addition to the variability predicted by Eq. (11) for
the primary ion mobility as a function of gas density and
temperature, small amounts of other molecules in the D-
T mixture may also inAuence the effective ion mobility.
In the experiments discussed below, such molecules as
Oz, Nz, COz, and DzO are present in the gas at a few
parts per million level. With the exception of Oz, these
trace molecules have a higher proton affinity than Dz. In
addition, the concentration of primary ions is only on the
order of 10 parts per billion, as the numerical results
below will show. As a result, deuteron transfer reactions
will take place when the primary ions encounter these
trace molecules, and the dominant molecular ions in the
gas are those which form with these trace molecules, e.g.,
D30+. Its mobility is estimated to be 9.2 cm s 'V
based on the measured mobility' for H30+ in Hz of 12.6
cm s 'V '. The mobilities of D3+, D30+, and other
trace molecular ions differ therefore only by about 15%,
and this difference was found to affect the computed
current through the gas cell by less than 2%. As a result,
Eq. (11) can and will be used for most of the numerical
results given below.

C. Recombination

For the high neutral gas densities encountered in the
present experimental situation, the collisional-dissociative
recombination process' is dominant. This process may
be viewed as two-step mechanism, with electron capture
into a Rydberg level representing the first step followed
by the decay of the excited state through dissociation.
The capture into a stable Rydberg level may be accom-
panied by electron-energy loss to adjacent molecules, in

to D3+, which in turn may bind another Dz molecule to
become D5+ at the pressures encountered in this study.
Larger ion clusters are much less stable and need not be
considered here. Assuming that these two dominant ion
species are in thermodynamic equilibrium with each oth-
er and with the gaseous molecules, the effective ion mo-
bility is given by

pIp (p3+p5K53N)/( 1 +K53N)

Here, p3 is the mobility of D3+ which has been experi-
mentally determined by Miller et al. to be 8.0
cm s 'V ' at O' C and 1 atm gas pressure. The mobili-
ty of the heavier ion can be estimated by using the re-
duced mass for the ion-molecule collision as a scaling fac-
tor. Accordingly, p5 is found to be equal to 7.34
cm s ' V '. Expressed as a function of gas density,
these mobilities are

which case three-body collisions become important. Ac-
cordingly, we may write for the total recombination
coefficient

n=az+a3% . (15)

For the two-body dissociative recombination process,
electron capture either results in an electronic state of the
intermediate molecule that is repulsive, or if it is an at-
tractive Rydberg state, this state crosses another repul-
sive state which is reached by collisional deexcitation.
The magnitude of this recombination process is strongly
dependent on the vibrational level in the attractive Ryd-
berg state. The recombination of H3+, for example, has
been measured in a microwave afterglow discharge, ' in
inclined beams, ' in merged beams, and in ion
traps. In all these experimental techniques, vibrational-
ly excited H3+ ions are produced and retained until
recombination. These "hot" ions possess a dissociative
recombination coefficient az which is of order 10
cm s ' at 300 K. In contrast, in Rowing afterglow
discharges, ' thermally equilibrated H3+ ions can be
produced, and the dissociative recombination was mea-
sured to be at or below the detection limit of 2X10
cm s '. This implies a negligible recombination
coefficient az for "cold" H3+ ions. In dense gases, the
most likely reaction for these ions is then to form H5+,
and it is this molecular ion that will subsequently recom-
bine. The corresponding dissociative recombination
coefficient az has been measured' ' and the results can
be represented by the empirical expression

a2(H&+)=4. 5X10 (100/T)' cm s (16)

Since the vibrational state of the H5+ ions was not
known, however, it is questionable whether this recom-
bination coefficient can be applied to cold ions. The dis-
sociative recombination of other molecular ions such as
H30+ in Hz has not been measured up to now.

The theoretical model' for the three-body recombina-
tion coefficient a3 of molecular ions with internal degrees
of freedom does not render itself to a closed-form solu-
tion, but the numerical results can be approximated by
the empirical expression

a3= A (300/T)", (17)

with two fitting parameters A and n. The exponent n
may vary from 0.4 to 2.5 depending on the gas, its densi-
ty, and the coupling strength between the Rydberg and
the dissociative states. The magnitude of A is found to
be approximately an order of magnitude larger than for
the three-body recombination of H+ in its parent gas Hz.
For this case, Bates, Malaviya, and Young were able to
predict a3, with A being about 10 cm s ' at 300 K.

Given the lack of more precise theoretical models or
better experimental data, we treat the two recombination
coefficients in Eq. (15) as adjustable parameters within
the confines of the above discussions, and match our
theoretical predictions to the experimental results.



41 dc ELECTRICAL CONDUCTIVITY OF D-T GAS 4473

IV. EXPERIMENT

~ Stainless steelI Copper~ AluminaP GoldP Teflon~ 0-Tgas

I I

Top
plate

~dc In(+)

The schematic diagram of the electrical cell is shown in
Fig. 1. The cell consists of 316 stainless-steel sections
screwed together to accept room-temperature hydrogen
gas up to 286 atm. An insulated gold-plated copper rod
of 0.24 cm diameter runs vertically down the center to a
copper disk plated with gold, which constitutes one
parallel plate of the cell. The other parallel plate lies
below it and is part of the steel cell chassis. This surface
is likewise gold plated. The D-T gas enters from below
through a 0.075-cm inner-diameter fill tube and passes
through a crack between an alumina spacer and the D-T
sample space. The lower plate and chassis are electrically
separated from the upper plate and copper rod by tight-
fitting alumina insulation. A Teflon plug is placed near
the top as a high-pressure gas seal.

The parallel-plate region is designed with special care.
Because of the radioactivity of the tritium, the entire unit
is massively built. This keeps the number of electrical
feedthroughs to a minimum and negates the possibility of
using guard rings to avoid electrical field fringing effects
at the edges. Instead, we buil a coin-shaped space and
filled in the outer part with a ring-shaped alumina spacer.
The radius of the upper plate is 1.507 cm, the inner ra-
dius of the alumina is 0.500 cm, and the gap width is 0.50
cm. Also, the alumina is cut as a single piece around the
edge of the upper plate (thickness 0.107 cm) to prevent
arcing across this narrow space.

The assembly rests on a Teflon pad in a steel glove box
used for tritium contaminent. The cell chassis and the
copper rod or disk can each be floated electrically with
the glove box as a grounded shield. When used, alumi-
num foil is placed over the lucite window of the box to

complete the shielding. All electrical leads and connec-
tors outside the box are shielded. Outside, a Keithley 230
power supply is used for low potentials and a Hewlett-
Packard HP61110A power supply for high potentials. A
Keithley 642 electrometer is used to measure the current,
which is converted to current density in A/cm by using
a plate area of 0.785 crn .

An amount of 0.13-mmol Tz was taken from a palladi-
um bed, passed through a 5-JMm stainless-steel frit at 77 K
to remove methane, and placed in a stainless-steel bottle
at 0.3 atm. Deuterium (initial analysis: 77 ppm N~, 2.3
ppm Oz, no listed methane) was passed through a 5-A

Linde zeolite bed at 77 K. A quantity of 0.13 mol D2 was

then pumped into the T2 bottle to 400 atm. By P-V-T
determinations, the resulting gas was mixed to 0.1 mol%
Tz in Dz gas, good to +1%. The Tz-Dz mix was allowed
to stand two days so that the resulting gas contained
0.2% DT and no T2. At the end of the run, the gas was

routinely analyzed by a magnetic sector mass spectrome-
ter and a gas chromatograph. The compositions of the
three samples used in this work were T2, 0.10-0.12 mol

%; D2, 99.33—99.54 mo1%; H2, 0.35—0.57 mo1%; N2
and 02, 1.3—8.2 molar ppm; methanes, 1.6—4.3 ppm; and
Ar, 1.0-1.6 ppm.

The electrical cell was used only for 8-h experiments.
Then, it was disassembled, and a new Teflon seal was put
in. This was to prevent the buildup of tritium in the
Teflon, which could lead to anomalous currents seen in
the first trial runs. The alumina parts were soaked in
methanol and purged dry with argon passed through a
stainless-steel frit. The alumina parts were then baked
overnight at 390 K. The cell body was also cleaned in
this way. The parts were then reassembled, leak-checked
with helium, and pumped out overnight to 10 torr.

The electrical cell and DT bottle were connected with
a Taber-Teledyne 0—350-atm transducer and a uranium
bed for the final cleanup. At the start, a zero-pressure
current reading was taken. Then the pressure was in-
creased in increments to the values of 2.5, 4.8, 9.7, 24.6,
49.8, 103, 160, 220, and 286 atm. These correspond to
the room-temperature gas densities of 0.1, 0.2, 0.4, 1, 2, 4,
6, 8, and 10 mol/l. Each measured current density was
taken after a wait of 5 min and represented the steady
state. Two measurements were taken at each pressure
with reversed polarities. The procedure was repeated in
reducing the pressure with a zero-pressure reading being
taken at the end. We improved our experiment technique
in the first five samples for which the data were discard-
ed. The data was taken on the final three samples. The
temperature of measurement was 295+1.5 K.

h,
S yS&g ~e n

plate

dc
In

0-T fill line

FIG. 1. Schematic of the electrical cell.

V. RESULTS AND ANALYSIS

The data are listed in Table I. The empty-cell values
have been subtracted from the full-cell data to produce
the D-T current densities listed there. The empty-cell
current densities are small in every case. The errors of
measurement are best shown by the standard deviations
listed in Table II. The precision was the worst for the
lowest potential of 0.1 V and for the empty-cell blank
with the lowest current density. It is possible that a faint
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TABLE I. Summary of experimental data for 0.1-mol% T in D2 gas at room temperature. Three
D-T samples —measured with increasing and decreasing pressure —have been averaged. The empty-

cell (0-mol/1) values, given in the first row, have been subtracted from the raw data to produce the D-T
current densities listed.

Gas density
(mol/1) 0.1 V

Average current density in (nA/cm ) at these dc potentials
1 V 10 V 100 V 400 V

0
0.1

0.2
04
1

2

4
6
8

10

1.91X10 '
0.100
0.139
0.177
0.246
0.193
0.0843
0.0480
0.0331
0.0235

6.20X10 '
0.426
0.663
0.946
1.401
1.371
0.751
0.461
0.314
0.226

3.79 X 10-"
1.41
2.20
3.16
5.02
5.71
4.13
2.83
2.08
1.61

3.16X 10-'
1.89
4.21
8.57

16.3
20.5
17.2
12.9
10.2
8.25

0.0535
2.26
4.84
9.41

23.1

37.8
38.1

30.4
24.6
20.5

onset of electron avalanching occurred in the 400-V runs.
The measured current densities as a function of the gas

density are shown in Fig. 2 for the different applied volt-
ages. The data are represented by the symbols, whereas
the solid lines are the theoretical predictions obtained in
the following manner. Repeated calculations were per-
formed keeping all parameters fixed at the values provid-
ed in Sec. III except for the two recombination
coefficients a2 and a3. They were varied in accordance
with the expected ranges discussed in Sec. III. For each
set of values chosen for a2 and a3, the mean-square devia-
tion between predicted and measured result was comput-
ed. A contour plot depicted in Fig. 3 shows this devia-
tion. The best agreement between theory and experiment
is obtained for combinations of values of a2 and a3 in the
"valley" that has two branches. The upper branch is,
however, at a value of a2=2X10 cm s ', which is at
least an order of magnitude above what can be justified
theoretically. Therefore, only the lower branch of the
valley offers reasonable values for the recombination
coefficients. The best fit is achieved with a3=6.2 X 10
cm s ' and any value for a2 below 10 cm s '. These
values are very much in line with expectations, and the
insignificance of the two-body recombination process in
the present experiment is a strong indication that the
molecular ions are indeed thermalized prior to recom-
bination.

100 .
400 V

E
V

C

~~
fh
C
O
O

10 -.

With the negligible recombination, the cumulative
source function Q(x) defined in Eq. (8) becomes propor-
tional to the gas density N As se.en from Eq. (7), the
current density is then also proportional to N. Further-
more, as will be seen below, the fraction of the gap from
which charges are swept out increases with applied volt-
age until complete sweep-out is achieved, and for the
same voltage this fraction decreases with the gas density
or the gap width. Therefore, a relevant parameter is the
ratio V/NL or V/N when L is fixed as in the present ex-
periment. Indeed, when I/N is plotted as a function of
V/N, all current-voltage curves coincide for gas densities
of 2 mol/I or less, as seen in Fig. 4. For higher gas densi-
ties, the normalized current-voltage curves remain identi-

TABLE II. Standard deviations of the data of Table I. They
are shown as percents of the average values listed in Table I.

Gas density
(mol/1) 0.1 V

Standard deviation (%)
at these dc potentials

1 —100 V 400 V

0.01
O. & 1 0

0.0
0.1

0.2
0.4
1.0

2.0—10.0

119
56
49
37
20
12

55
23
21
15
11
5

161
37
19
9
6
9

Gss Density (mol/I)

FIG. 2. Measured current densities (data points are the sym-
bols) in D2 gas with 0.1% tritium and theoretical predictions
(solid lines) with properly chosen recombination coefficients.
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X

4
6
8
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0.0
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0.4 0.5

Y/N [Y/(mol/I)]

FIG. 4. Measured current densities vs vo tagvo.ta e normalized to
a gas density of 1 mo1/l.

FIG. 6. Ion-density profiles for the sasame case as in Fig. 5 but
lete sweep-out isat the higher voltages indicated. Comple p

V and the electron densities are tooachieved at and above 100, an e e
~ ~ ~

400 V. The ion density is in unitslow to be shown for 100 and . e
'

of 10 cm
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C
0)
O

CLI
Ul
tO

O
II
V
tO
CL
M

4-

3 w
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0
0.0 0. 1 0.2 0.3 0.4 0.5
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FIG. 7. The space-charge potential throughout the gas gap
for the case of a gas density of 5 mol/1 and for the applied volt-
ages indicated. The space-charge potential for 400 V is not
shown for the sake of clarity. Its profile is equal to the one for
100 V when reduced by a factor of 4.

transition from linear increase to saturation, as is to be
expected from the experimental functions contained in
our formula (7). In spite of the lack of any distinct
features in the current-voltage characteristic, the charge-
density profiles exhibit dramatic changes as the applied
voltage is increased. This is shown in Figs. 5 and 6 for
the case of a gas density of N = 5 mol/1. With increase in
applied voltage, a sweep-out region expands from the
cathode side and the recombination region diminishes, as
seen in Fig. 5. As long as there remains a recombination
region, however, the ion concentration in the sweep-out
regions is in fact higher than in the recombination region.
After complete sweep-out has been achieved, the ion den-
sity profile changes completely, as shown in Fig. 6.

The space-charge potential 4(x) (being the total poten-
tial minus the applied one) shown in Fig. 7 increases at
first as the charge imbalance within the gap becomes

more severe. After sweep-out, however, the ions in the
gap are extracted faster with increasing voltage, giving a
shorter transit time, and hence, a lower ion concentra-
tion. As a result, the space-charge potential diminishes
again at high values of the applied voltage.

VI. CONCLUSIONS

We have demonstrated in the present paper that small
additions of tritium provide a unique method of produc-
ing weakly ionized gases at very high densities. Since the
ionization is uniform througout the gas, except very close
to the walls, an accurate evaluation is possible of the
space-charge distributions and of the charge currents un-
der externally applied electric fields. The charge-density
profiles within the weakly ionized gas exhibit a compli-
cated structure which changes dramatically as the exter-
nal voltage is increased. The experimentally measured
current-voltage characteristic of a deuterium gas with
0.1% tritium can be brought into close agreement with
theoretical results by proper adjustment of the electron-
ion recombination rate. In fact, this comparison provides
a means to determine electronic recombination
coefficients. However, this determination is not unique
unless one particular recombination process dominates.
For the present experiments, the two-body dissociative
recombination process was found to have little influence
on the fit of the experimental to theoretical results. As a
res~alt, the three-body recombination coefficient could be
de.ermined and was found to be

a3=(6.2+1.0)X10 cm s' at 298 K .
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