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A B S T R A C T

Ionization current vs voltage curves were studied at various pressures

in a large ionization chamber and in a small mesh wall ionization chamber

located within the large chamber. Results indicate that saturation in the

internal probe depends on (a) competition between collection in the probe

and in the large ionization chamber, (b) recombination at very low voltages,

(c) gas amplification at higher voltages and (d) probe position. Saturation

in the large chamber depends on recombination at low voltages and on gas

amplification at higher voltages. For both the probe and the large ioniza-

tion chamber, collection of positive ions proved best; however, saturation

voltages had to be chosen carefully at each pressure in order to achieve

optimum balance of the above mentioned effects.

Research carried out at Brookhaven National Laboratory under contract with
the U. S. Atomic Energy Conmission.
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Introduction

The theory of ionization chambers is of great importance since they are

widely used to measure the energy deposited by ionizing radiations and thus

provide a calculation of dose that might be imparted to a physical or biolog-

ical system. Many theories have been developed for the different geometrical

shapes ' ' . Experimental investigations of the saturation curves of ioni-

zation chambers were summarized by Sievert . Wilson discussed the effects

of electrode spacing and dimensions on the saturation characteristics of ioni-

zation chambers. At extremely low pressures (< 10 mm Hg) Greening attrib-

uted the large current observed to electron exchange between electrodes and

not to ionization produced in 'the chamber. Glass and Roesch discussed the

ionization distributions in a wall-less proportional counter operated at a

pressure of few mm of Hg. Little work exists on the saturation characteristics

of mesh or grid walled ionization chambers at low pressures (in the range of a

few microns to a few mm of Hg>. A grid ionization chamber inside of a large

ionization chamber was recently employed to measure the radial distribution of

energy deposited along a charged particle track when the pressure was varied

from a few microns to a few mm of Hg. In these experiments, the segments were

grounded and high voltage was applied to the outer wall of the large chamber

and to the mesh of the small probe ionization chamber. In this configuration,

*
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it was found that positive applied voltages gave better saturation character-

istics than the negative voltage<=. In order to study the saturation charac-

teristics of the ionization chamber, we made a detailed analysis of the loniza-

tion current vs. voltage characteristics in the pressure range of 17 microns

to about 2 mm Hg. Both positive and negative voltage characteristics were

studied.

Experimental

The experimental chamber is shown in Figure 1. The large ionization

chamber is cylindrical in form, 91.5 cms long and 30.5 cms in diameter.

The central collecting electrode is made of six 15 cm long brass segments

which are supported on a grounded guard electrode. One or more of these seg-

ments can be connected to an electrometer while the others are grounded. This

provides the flexibility of collecting lonization at various distances along

the length of f.he chamber. Inside this chamber is mounted a small mesh

ionization chamber which can be placed at any position between the wall and

the center of the chamber. This small mesh ionization chamber, referred to

as the probe chamber in further discussions, can also be moved axially so

that it can be placed in the third, fourth, fifth or sixth segment of the

main ionization chamber. The detailed construction of the probe and the

large ionization chamber are given in Figure 1. The dimensions of the probe

chamber are 12.3 cm long, 1.6 cm diameter. Its outer electrode is made from

a 977o transparent (8 wires per cm) electroformed nickel mesh. The central

collecting wire is made of 1 mm copper wire. The ionization currents from

the probe or the large chamber were measured using a Victoreen Model 475 vi-

brating reed electrometer. The whole chamber is pumped by a mechanical pump

which reduces the pressure of the chamber to about 100 micron Hg and then

pressure is further reduced to a few microns of Hg by a liquid nitrogen
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trapped oil diffusion pump. The pressure in the chamber is monitored and

measured by a Baratron variable capacitance, flexible diaphragm gauge. This

particular choice of gauge was employed since its calibration is insensitive

to the type of gas being used in the chamber. The source used in the experi-

ment was a 4.5 mCi Am source with an alpha energy of 5.47 MeV. It was

in the form of a strip 9 cm long and 1 cm wide. This source was attached to

the interior wall of the large ionization chamber just below the third col-

lecting segment. Care was taken to insure that the source and the wall of

the chamber were in good electrical contact. The gas employed in these ex-

periments was air. Flow of gas into the chamber was controlled by a spectro-

metric leak valve. Voltage was applied to the chamber by means of batteries.

The voltage range studied was from about 3 volts to about 210 volts of both

a
positive and negative polarity. In the text, we refer to the position of the i

probe as being at 0°, 20c or 40°. The distance of the probe from the outer |i

wall of the chamber for these settings is 1.2 cm, 5.2 cm and 9.4 cm, respec- |

tively. Figure 2(a) shows the relative positions of the probe and the source J

i
inside the large ionization chamber. j

i

Results |

Figure 3 shows saturation characteristics for both positive and nega-

tive voltages (configuration (b) in Figure 2) for the third segment of the

large ionization chamber. Tn these measurements, the probe was placed near

the wall in the sixth segment position (near the end) of the large ionization (
i

chamber and was grounded so that its effect on the measurement of ionization j
I

current in the third segment was negligible. Figure 4 shows the variation of j
!

90% saturation ionization current with pressure (for positive applied voltages I

only) for the large ionization chamber and for 0c, 20° and 40= positions of I

the probe. Figure 5 shows the variation in 90% saturation voltage with pressure

Amersham/Searle Corp., Chicago, 111. 60005; Catalog #AMM-5.



in the large ionization chamber. Figures 6 through 13 show the ionizatlon current

vs. voltage characteristics for both positive and negative polarity of the applied

voltage at pressures 17, 34, 68, 136, 272, 544, 1088 and 2176 micron of Hg for 0°,

20 and 40° positions of the probe. In measurements with the probe ionization

chamber, the probe was placed midway between the ends of the large ionization

chamber to avoid any end-wall effects. The same voltage was applied to the outer

wall of the large ionization chamber and the mesh of the probe. The six collect-

ing segments of the large ionization chamber were grounded (configuration (c)

Figure 2). The results, plotted in Figure 4, show that the saturation ionization

current for both the large chamber and the probe scale linearly with pressure

in the pressure range studied (for positive polarity of the voltage only). In

order to avoid confusion, we will discuss results of the probe ionization chamber

and the large ionieation chamber separately. All of the ionization current vs.

voltage plots are experimental curves.

Saturation characteristics for the probe were also studied (at 40 microns

of Hg) when the mesh was polarized and the wall of the large chamber and the

segments were grounded (configuration (d) Figure 2). Our results in this- case

are shown in Figure 14. These current vs. voltage plots show no indication of

plateau either for the positive or negative polarity. In the same figure, for

comparison, we have also plotted the saturation characteristics for the case

when the wall and the mesh of the probe are pclarized and the segments grounded.

Discussion - Large Ionization Chamber

The ionization current vs. voltage characteristics for the large ionization

chamber (see Figure 3) show that for positive voltages there is an initial in-

crease in current with voltage due to reduced recombination. Eventually, a

saturation plateau is reached. If the voltage is further increased, gas mult-

iplication sets in and again current increases with increasing voltage. This
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result holds for the entire range of pressures studied. The voltage at which

saturation occurs shifts to higher values as the pressure is increased (see

Figure 5). This shift in saturation voltage is due to increased ionization

density as the pressure is increased. Thus, the positive ionization current

vs. voltage characteristics for the large chamber show normal saturation

characteristics.

As shown in Figure 3, the ionization current vs. voltage characteristics

for the negative applied voltage show a gradual rise in current with increasing

voltage and no saturation plateau is obtained until pressure exceed 500 microns

of Hg. Above this pressure, normal saturation curves are obtained with a good

plateau region. If voltage is increased sufficiently, gas multiplication sets in

and collected electron current increases approximately exponentially with voltage.

When the pressure is increased, the critical voltage at which gas multiplication

starts is shifted to higher voltages. If the gas multiplication starts at volt-

ages which are higher than the voltage at which saturation begins, then a normal

saturation characteristic is observed (e.g. for pressures > 500 microns of Hg for

negative polarity).

However, when the voltage on the outer wall of the chamber is positive with

respect to the central collecting electrode, the positive ions move toward this

electrode. Since these positive ions are much heavier than electrons, they do

not have sufficient velocity to produce gas multiplication at the same electric

field strength as do the electrons. In fact, they require a much higher voltage

at a given pressure to produce gas multiplication. Also, the number of electrons

that pass the high electric field region near the collecting segment are few and

thus contribute very little to the gas multiplication. Thus, normal saturation

curves are obtained for positive polarity of the applied voltage at all the pres-

sures studied in these experiments.
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Discussion - Mesh Wall Probe Ionization Chamber

Next, consider the results for the small, mesh wall, probe ionization cham-

ber. In these experiments, saturation curves were obtained for both positive

and negative voltages. The voltage range was from 3 volts to 210 volts. Satur-

ation curves were obtained for probe positions of 0°, 20° and 40° which repre-

sent various distances from the source as indicated in Figure 2(a). The results

tor this group of measurements can be summarized as follows.

For positive voltage saturation characteristics, at low pressures (17 microns

to 136 microns of Hg, see Figures 6-9), there is a general decrease in the collected

ionization current as voltage is increased from 3 volts to about 40 volts and then

a saturation plateau is obtained. At somewhat higher voltage, there is a gradual

increase in the ionization current with increasing voltage. Ionization current In

the saturation region is found to be proportional to pressure. This is shown in

Figure 4 for various angular positions of the probe chamber. Since the general

shape of the curves is the same for three positions of the probe, the following

discussions hold true for all positions of the probe. For pressures greater than

about 500 microns of Hg, the ionization current initially shows an increase with

increasing voltage, then decreases and finally reaches a plateau. If the voltage

is further increased, the ionization current then increases again. The Initial

increase in the ionization current is due to reduced recombination. The decrease

in current with increasing voltage is due to screening out of the positive ions

which are outside the volume of the probe chamber. At moderate voltages, most of

the outside positive ions are screened out. The probe chamber then measures the

true ionization produced inside the volume of the probe chamber, and produces a

normal saturation plateau. If the voltage is further increased, gas multiplication

sets in and thus an increase in current with increasing voltage is observed. From

the experimental results, it appears that the voltage required to screen out: the

positive ions increases as the pressure is increased. The larger voltage is related
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to Che higher voltage required for saturation of the large ionization chamber at

higher pressures. A comparison at each pressure of the voltage at onset of the

saturation in the large ionization chamber with voltage, at which a plateau is

achieved for the probe (See Figure 5) supports the explanation given above.

For negative voltage saturation characteristics, the general features of the ion-

ization current vs. voltage curves at low pressures (17 to 136 microns of Hg, see

Figures 6-9) are a sharp initial increase in current and then a very gradual increase

of current with increasing voltage. At intermediate pressure (272 microns of Hg, see

Figure 10) there is again an initial increase in current at low voltages and then the

current rises exponentially with increasing voltage. At high pressures (above 272 mi- !

crons of Hg, see Figs. 11-13) there is a rise in current at low voltages, a maximum, j

and then a sharp drop to a minimum as the voltage is increased. If the voltage is |

further increased, the current starts to increase exponentially. The anomalies in !

these curves can be explained in the following terms. First, since the outer wall !

voltage and mesh voltage are negative, the probe central collecting electrode collects !

electrons and negative ions. Since the outer electrode of the probe is made front a ;

977. transparent screen mesh, there is a small but finite field penetration between

the outer wall of the large chamber and the central collecting electrode of the

probe. This field causes collection of electrons and negative ions from outside the :

i
mesh probe volume. This collection increases as the voltage is increased, until j

most of the ionization in the large chamber is removed by the field between the

grounded segment electrodes and the walls of the probe and large chamber. At this

voltage, (for instance, 10 volts at 34 micron pressure) an anomalous saturation is ,

obtained. This anomalous saturation current can be orders of magnitude greater than j

the ionization current produced inside the probe (see Figure 7). Thus, even though j

a plateau is observed in the voltage curcsnt characteristic, it is not a meaningful i

plateau. For example, at pressures < 136 microns of HG, the saturation current is i

\
at least a factor of 10 times higher for negative polarity than for positive. t:
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For negative voltages, in the intermediate pressure range (272 microns of

Hg, see Figure 10) the current increases in the beginning with increasing voltage.

This increase in current is due mainly to two factors: 1) reduced reconbination,

and 2) collection of electrons from outside the volume of the mesh probe. As the

voltage is further increased, the current starts to rise exponentially due to gas

multiplication in the probe. At relatively high pressures (above 500 microns of Kg)

and low voltages the current increases due to 1) and 2) mentioned above. As the

voltage is further increased, the number of electrons and negative ions reaching

the probe from outside is decreased, since the large chamber is reaching the

saturation region. Thus, the segment electrodes are collecting most of the elec-

trons and negative ions in the outer chamber. This results in a sharp decrease

in the current observed in the probe. But now the voltage on the mesh of the probe

may be high enough to produce gas multiplication which results in an exponential

rise in current if the voltage is further increased. Also, some of the low energy

electrons which enter the probe may get trapped and collected by the probe, causing

an increase in current. As expected, the voltage at which the gas multiplication

starts to be dominant is higher at high pressures. No saturation plateau in

current voltage characteristics is observed for the probe for negative applied

voltages over the entire range of pressures studied.

Conclusions

It is concluded that for best results, positive ions should be collected in

both chambers. Best results with the probe chamber are obtained with the wall and

mesh poLarized and the large chamber segments grounded (configuration (c) Figure 2).

Care must be taken to select the optimum voltage at each pressure to avoid

a) recombination effects at low voltages and relatively high pressures, b) gas

multiplication at low pressures and high voltages, and c) collection of ionization

from outside the small probe.
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1. Experimental ionizaCion chamber.

2. (a) Relative positions of the probe and the source inside the large ionization
chamber.

(b) Voltage configuration for large ionization chamber.
(c) Voltage configuration for probe with segment grounded and outer wall and

mesh of probe at H.V.
(d) Voltage configuration for probe with segment and outer wall grounded,

mesh of probe at H.V.

3. Ionization current vs. voltage curves for the large ionization chamber at
various pressures.

4. 907. saturation ionization current vs. pressure (for positive applied
voltages) for large ionization chamber and for 0°, 20* and 40 positions
of the probe chamber.

5. 90% saturation voltage vs. pressure (for positive applied voltage) for
the large ionization chamber.

6. Ionization current vs. voltage characteristics of probe at 0°, 20 and 40°
positions. Pressure 17 microns of Hg.

7. Ionization current vs. voltage characteristics of probe at 0°, 20 and 40°
positions. Pressure 34 microns of Hg.

8. Ionization current vs. voltage characteristics of probe at 0°, 20° and 40°
positions. Pressure 68 microns of Hg.

9. Ionization current vs. voltage characteristics of probe at 0", 20° and 40'
positions. Pressure 136 microns of Hg.

10. Ionization current vs. voltage characteristics of probe at 0°, 20° and 40°
positions. Pressure 272 microns of Hg.

11. Ionizstion current vs. voltage characteristics of probe at 0 , 20° and 40°
positions. Pressure 544 microns of Hg.

12. Ionization current vs. voltage characteristics of probe at 0°, 20c and 40°
positions. Pressure 1.088 mm of Hg.

13. Ionization current vs. voltage characteristics of probe at 0°, 20° and 40
positions. Pressure 2.176 mm of Hg.

14. Ionization current vs. voltage characteristics of probe at 0°, 20° and 40°
positions. Pressure 40 microns of Hg. For configurations (c) and (d) in
Figure 2.
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