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SUMMARY

A new ionization method for the detection of gases and vapours is described.
It is based on separation of the zone where the compound to be analyzed and the
charge carriers interact from that where the useful signal is formed, so that optimum
conditions are created in each of these zones. The construction of the detectors used
is described and experimental data are presented. Some aspects of the sensitivity
mechanism are considered. A physical model relying on a change in the mobility of
the charge carriers after their penetration into the sensitive volume of the analyzed
compound is proposed. Ion recombination is shown to contribute only slightly to the
formation of the useful signal. Relationships between the magnitude of the space
charge, recombination coefficient and charge carrier mobility and between the mag-
nitude of the current in the signal formation zone, geometric dimensions of the ion-
ization zone and gas supply mode are given. A formule for the reduced mobility of
the charge carriers, taking into account the impurity concentration in the inert carrier
gas, was derived. Finally, a relationship between the magnitude of the useful current
signal, concentration of the analyzed compound and its electron affinity under the
operating conditions selected and with the given detector design was obtained.

INTRODUCTION

Due to the fact that the solution of a variety of important practical problems
could not be performed by means of an electron-capture detector, a new, recombi-
nation-free method has been developed®. The method still possesses the known merits
of the electron-capture technique but at the same time does not suffer from its in-
trinsic disadvantages such as the presence of the initial current caused by carrier-gas
tonization and appearance of a signal due to ion recombination.

There is a contradiction between the electron density and the possibility of
useful signal formation and registration. The reliability of this process depends on
the electric field strength. With the electron-capture technique, even in the pulsed
mode, this contradiction cannot be completely eliminated.

In the recombination-free method, which relies on the measurement of a
change in the mobility of the charge after its penetration into the carrier gas con-
taining the analyzed components, these disadvantages are no longer present, the
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contribution of recombination to the process of signal generation being virtually
Zero.

EXPERIMENTAL

Fig. 1 shows the detector used with the recombination-free method?2. The lower
part of the ionization chamber houses a connection (1) for the injection of the ana-
lyzed gas with a 53Ni ionization source (2). This connection also serves as a potential
electrode and is separated from the chamber by a ceramic sleeve. The upper part of
the chamber accommodates an insulator-mounted measuring electrode (3) and a gas-
outlet connection. The ionization zone (I) is defined by the potential electrode (1)
and the ionization source (2), whereas the signal formation zone (II) is defined by
these two electrodes. The detector was tested in a Gazokhrom 1106E chromatograph
(U.S.S.R.). The glass column (1.5 m x 3 mm L.D.) was filled with Chromaton N
+ 5% SE-30 stationary liquid phase. The detector parameters were determined by
use of mixtures of y-hexachlorocyclohexane (lindane) in hexane (107° mg/ml). The
liquid samples were introduced with a Gazokhrom 101 microsyringe. Technical grade
nitrogen was used as the carrier gas at a flow-rate of 80 ml/min. The temperatures
of the column, evaporator and detector were 180, 200 and 230°C, respectively. The
potential electrode supply voltage was 300 V.

Fig. 1. Recombination-free two-electrode detector: I = ionization zone; II = signal formation zone;
1 = inlet connection for the analyzed gas (potential electrode); 2 = ionization source; 3 = measuring
electrode.
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The sensitivity threshold was calculated as
Conin = 2(4X)CVdA]S )]

where Ax is the fluctuation noise level (mm); C is the concentration (mg/ml) of the
analyzed compound; V is the volume (ml) of the compound injected; d is the chart
feed rate (mm/s) and S is the peak area (mm?2). The value of Cy,;, was found to be
5- 107 gfs.

The tests revealed that although the sensitivity threshold of the new detector
is substantially lower than that of the electron-capture detector, its noise current is
much larger than zero, which is attributed to the presence of undetectable impurities
in the carrier gas, giving rise to negative ions, e.g., oxygen ones.

To decrease the initial current, a three-electrode detector was developed (Fig.
2)3-4, Its construction is similar to that of the first one described except that the signal
formation zone (1I) has an additional self-powered annular electrode (4) generating
a field in a plane transverse to the velocity vector of the ions ejected from the ion-
ization zone (I) by the carrier-gas flow. Under the same conditions, the noise current
was 2 - 107** A and the sensitivity threshold for lindane was 1.5 - 1074 g/s.

RESULTS AND DISCUSSION

The new recombination-free analytical method can be described essentially as
follows.

b

»

|

Fig. 2. Recombination-free three-electrode detector. Details as in Fig. 1, except 4 = additional annular
electrode.



346 E. B. SHMIDEL er al.

In the ionization zone (I, Fig. 1) the radioactive source (2) induces ionization
of the inert carrier gas thereby creating a certain number of electrons and positive
ions. The highly mobile electrons diffuse toward the surface of the earthed source
and are neutralized there upon. The carrier gas flow-rate is selected such that the
internal friction forces of the ionization zone (I) will not cause the ions to appear in
the signal formation zone (IT). Thus a positive space charge appears in the ionization
zone (I), resulting in a very strong electric field.

The field strength can be calculated as

q _ ne
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where g is the magnitude (Coulomb) of the space charge generated in the ionization
zone in unit time; » is the number of ions in the ionization zone; e is the charge
(Coulomb) of an ion (electron), r is the radius (m) of the ionization zone, &, is a
constant equal to 8.85- 10712 C2 N~ m~2; v, is the gas flow-rate (m/s) in the ionization
zone, 7 is the constant measurement time (s) and / is the length (m) of the ionization
zone. Since the number of electrons, », and the number of charges formed in the
ionization zone in unit time, Ny, are related®

n= |2 @
o

where « is the recombination coefficient (cm3/s), and the ¢3Ni S-radiation is nearly
completely exhausted at a distance of 3 mm in nitrogen at atmospheric pressure, the
space charge can be found from
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where A is the activity (Bq) of the source, w is the mean energy (eV) of the f-particles,
V; is the volume (cm?3) of the ionization zone and [ is the ionization potential (eV)
of the carrier-gas atoms. From eqns. 2—4 we can write:
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Substituting into this equation the experimental values obtained (4 = 3.7 - 10° Bg;
w=22.104eV; V; = 0216 cm3; I = 35.5¢eV, o« = 0.2 - 107° cm?3/s; v, = 0.076
cm/s; T = 1), the field strength in the jonization zone I induced by the space charge
is calculated to be >100 V/cm). This is sufficient for the collection of all the free
electrons on the earthed ionization source (2).

Although the number of ions ejected into the signal formation zone (I} is also
close to zero, the initial detector current differs from zero. It is generated by unde-
tectable impurities in the carrier gas which give rise to negative ions. In practice, the
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most representative impurity of this kind is oxygen. The analyzed compounds pen-
etrating into the ionization zone (I) and having a positive electron affinity entrap the
electrons to form negative ions of low mobilities. These partially recombine with the
positive ions thereby significantly decreasing the magnitude of the space charge and,
hence, the field strength in this zone. As a result, the remaining part of the negative
ions of the ionized compound are ejected into the signal formation zone (II) by the
internal friction forces. The number of ejected negative ions in this zone governs the
magnitude of the useful current signal indicating the concentration of the analyzed
compound.

By use of this physical model, one can obtain an equation for the decrease in
the number of charges in the ionization zone (I) due to recombination, directed drift
toward the walls of the connection (1) and diffusion®

dn N An E_D An ©)

— = —oamny —p-— E—D. —

dt ° 2 = # Ax Ax
where n, is the instantaneous value of the negative ion concentration, n, is the in-
stantaneous value of the positive ion concentration, g is the ion mobility, An/Ax is
the gradient of ion concentration and D is the diffusion coefficient.

Since uE » D and assuming that n; = n, = n, eqn. 6 can be rewritten as

dn n ne
= N, —an? —py - 7
dr o # r 2mnlreg D
= No — an? — pan?® 8)
where:
a = ef2nlrie &)

By integration of eqn. 8, denoting the logarithmic constant as In 4 and « + au =
B and then changing from logarithms to numbers, we obtain:

= fe2ANo (10)
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Hence, the relationship between the charge concentration and time is:
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Denoting the initial number of ions per unit volume by rn, and assuming (at ¢ = 0)
n = no, the constant A4 is defined as:

&-i- Mo

A ‘=*ﬂ——— (12)
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A t = co, number of ions, n,, is:
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Knowing the relationship »(f), one can calculate the current magnitude in the signal
formation zone (II), which is proportional to the magnitude of the charge ejected
from the ionization zone (1) in unit time:

The carrier gas volume, Sdx, at time ¢z = 0 is separated from the exit cross-section
of the connection (1) by the distance /—x. This volume will reach the exit cross-
section in a time (/- x)/v, the density (concentration) will change in this time and
the area, S, of this cross-section will receive Sn(f)dx charges, i.e., n [(/—x)/v;]dx
charges per unit area.

Upon integrating over the entire length of the ionization zone (I), one obtains
the total charge which passes through the exit cross-section per unit area in time //v,.
Therefore the current, o, passing through the cross-section can be expressed as:

i H
21 I —x v [No A — e 261w 1vN,
fo= 1 n( 21 )dx - TJ 7 A + e AU x VAN, dx (14)
0

0

As a result of integration we obtain:
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This equation is not very convenient for estimation of the experimental data. Using

20/ BN,

Vi
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eqn. 15 can be transformed into:

No
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In eqn. 17 the current magnitude in the signal formation zone (II) is a function of
the carrier gas velocity, the number of ion pairs appearing per unit time and the
volume, recombination coefficient and mobility.

In practice, the recombination coefficient, & < ep/2nr?ley therefore the current
in the signal formation zone (II) is completely governed by changes in the mobility
of the negative charge carrier. Generally, the negative charge carriers can be repre-
sented as free electrons with mobility ¢, and ions with mobility px,, when y; > u,.
If in the gas the electron and ion concentrations are C; and C,, respectively, the
reduced (effective) mobility of the negative charge carrier, u, will be:

iz

: Cipr + Couy (18)
At present there is no precise formula for calculating ion mobility in pure gases, still
less for estimating the mobility of a gaseous mixture. It should be noted that the
mobility of a mixture depends largely on the properties of the mixture itself rather
than on those of the ions”-8. A change in the relationship between the mixture com-
ponents results in a change in the ion mean free path. Loeb® proposed an equation
which allows for this change

= Hally
Jta + (1 =Nt

where y,, is the reduced mobility of the mixture, u,, p, are the mobilities of the
components a and b, respectively, and f'is the relative content of component a in the
mixture. This equation gives a good fit to experimental results for some of binary
gaseous mixtures such as hydrogen and carbon dioxide, air and carbon dioxide, argon
and oxygen, ammonia and air.

Eqns. 18 and 19 are practically identical, except that the former deals with
concentrations of charges, C; and C,, the latter with those of the gas.

If we assume that C; + C, = 1 and

Hab (19

G, =f 20)
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where y is the electron-capture coefficient, and substitute these values into eqn. 18,
we obtain:

u= Hilda
pyf + pa(l — )

@21

Thus, as a result of some assumptions and transformations, eqn. 21 is obtained which
relates the reduced mobility of the negative charge carrier to the impurity concen-
tration and electron-capture coefficient, i.e., a quantity proportional to the electron
affinity.

Substituting eqn. 21 into eqn. 17 gives an equation for the current magnitude
in the signal formation zone (II), dependent on the concentration of the impurity, f,
and its electron affinity, y:

No
Ip = v, (22)
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.+.
2arleo[pyyf + pa(1—3/]

In the case of pure inert gases, i.e., when f = 0, a < ep,/2nr?ley. Then

DlegN
I, = vyr /”—:’—'L 23)

and the differential (useful) signal, A7, is:

¥ o(1— 1
Al = vk \/m{ pal=3) [ (24)
2nrialeg + epapts Hi
where:
K = r v 2nleoNo (25)

Generally, eqn. 24 expresses the dependence of the useful signal on the concentration
of the analyzed compound and its electron affinity at a given gas supply rate, v, and
constructional parameters (N, r, /). This equation does not include a dependence on
temperature whose change, however, substantially affects Ny. Naturally, this equa-
tion does not permit calculations of the compound concentration from the current,
but indicates only how they are related. Due to the fact that N, has differing values,
the detector requires calibration. Nevertheless, the equation is of practical signifi-
cance because it allows the designer to select the construction and geometrical di-
mensions, type of ionization chamber and activity of the source.

As is seen from eqn. 24, the useful current is linearly related to the concentra-
tion of the analyzed compound, which is a serious disadvantage of the recombina-
tion-free method. However, because of a lower initial current, compared with the
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electron-capture detector, there will be a more favourable signal/noise ratio yielding
a lower sensitivity threshold.

One remarkable feature of the recombination-free method is that its selectivity
can be controlled both by selection of the carrier gas and conditions of the electric
and gas supply.

When using air as carrier gas and in the presence of hydrocarbons, the method
was able selectively to detect atrazine (at a level of 5 - 107123 g/s), whereas in the case
of technical grade nitrogen the sensitivity threshold in respect of lindane was better
than 2 - 10714 g/s.

The new method will find wide application where the sensitivity and selectivity
of the electron-capture detector are insufficient for specific uses such as determination
of the minimum acceptable concentrations of pesticides in the atmosphere.

CONCLUSIONS

(1) As a result of theoretical and experimental studies, a new, recombination-
free, method for the analysis of gases and vapours is proposed. The sensitivity thresh-
old of the method is lower than that of the electron-capture technique.

(2) The sensitivity mechanism is described and a relationship between the con-
centration of the analyzed compound, its electron affinity and the useful signal at the
design parameters selected has been derived.

REFERENCES

. B. Shmidel, L. I. Kalabina and L. N. Kolomiets, Neft. Khoz., 1 (1980) 53.

. B. Shmidel and L. I. Kalabina, forization Detector, Auth. Cert. No. 505956, Bul. Izobr. No. 9, 1976.

. B. Shmidel, L. I. Kalabina and K. I. Sakodynsky, Jonization Technique for Gas Mixture Analysis,

uth. Cert. No. 528503, Bul. Izobr. No. 34, 1976.

4 E. B. Shmidel, V. G. Berezkin, L. N. Kolomiets, V. N. Khokhlov and Yu. L. Sheftelevich, Method of
Gas Analysis, Auth. Cert. No. 1121604, Bul Izobr. No. 40, 1984.

5 N. N. Shumilovsky and L. V. Meltser, Theoretical Foundations of Automated Control by Use of Ra-
dioactive Isotopes, U.S.S.R. Academy of Sciences, Moscow, 1959, pp. 123-125.

6 N. A, Koptsov, Electronics, Gos. 1zd. Tekhn.-Teor. Lit., Moscow, 1954, pp. 94-118.

7 E. W. McDaniel, Collisions Phenomena in Ionized Gases, Wiley, New York, 1964.

8 N. I. Shteinbok, The Use of Radioactive Radiation in Measurement Technology, Mashgiz, Moscow,
Leningrad, 1960, pp. 13-30.

9 L. B. Loeb, Basic Processes of Gaseous Electronics, Berkeley, 2nd ed., 1960, Ch. 8.

E
E
E
A



