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1. INTRODUCTION 

In radiation dosimetry utilizing gas filled ionization chambers, one 
quantity of fundamental importance is the average energy required to produce 
an ion pair (W). 

It was expected that W values would increase with decreasing velocity of 
ion and this has been experimentally confirmed by many authors (Jesse (196S), 
Boring et al (1965), Varr.ia et al (1978), Phipps et al (1964)). 

However for H in various gases it was observed that W values decreased 
with decreasing ion energy between 25 keV to 375 keV. 

The present paper describes the experimental method used for measurement 
of ïî values in argon gas and in the three components of T.E. gas : nitrogen, 
methane and carbon dioxide, for ions with masses in the range 1 to 40 a.m.u. 
and with energies in the range 25 keV to 375 keV. For these ions, the incident 
velocities are comparable to the electron orbital velocities. At these velo
cities energy losses due to elastic scattering and electron capture processes 
are expected to become significant as compared to ionization and excitation 
which predominate at higher velocities. These measured W values are then 
compared to calculated values. These calculations are obtained by introducing 
the inelastic and elastic stopping power cross sections in a transport equation, 
the resolution of which gives ionization range and the amount of energy relea
sed to produce ionization. 



* 2. EXPERIMENTAL METHOD 

The ion beams were produced by a 400 kV Sames accelerator. The 
desired ion was selected by magnetic analysis. The high voltage of the 

19 accelerator was calibrated using the resonance at 334 keV of the F(p, ay) 
reaction (Bonner and Evans 1948, Noel 1969). The magnetic field was mea
sured by using a Kail effect probe and was found to be proportional to 
the square root of the particle mass and energy with an uncertainty of 
+ 0.5 % (two relative standard deviations). 

The chamber aperture is defined (fig. 1) in order to decrease the 
number of ions scattered into the chamber and to reduce the amount of 
ionization occuring outside the ionization chamber. Special precautions 
which should inhibit the degradation of ion energy while entering the 
chamber were therefore taken. These precautions are specially concerned 
with the construction of the aperture of the chamber and the pressure 
gradient in the vicinity of the aperture. As will be shown later, the 
number of scattered ions was systematically investigated when measuring 
the spectrum, and loss of ionization in the aperture was investigated 
when the pressure inside the chamber was varied. The chamber was filled 
at pressure in the range 7-15 Torr. 

The aperture was formed from three collimators : 
1. The collimator which is first traversed by the beam was a 0.4 mm diame
ter hole drilled in stainless steel. 
2. The second, connected to the ground, was a 0.5 mm diameter hole drilled 
in the same material. 
3. The third, was a 0.016 mm diameter hole drilled in a ruby. 

The chamber was differentially pumped through the 0.016 mm diameter 
hole. A pumping speed of 300 1 s" was sufficient to maintain outside the 
chamber a pressure of approximately 10 Torr. A diffusion pump was used 
with a liquid nitrogen cooled baffle to reduce the concentration of oil 
vapour in the vicinity of the collimators. 

The chamber itself had the following specifications : 
1. The internal electrode was made of stainless steel of 3 nm diameter, 
940 mm useful length and with a 6 mm diameter sphere on one end. 
2. The high voltage electrode was a stainless steel cylinder of 220 mm 
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inner diameter and overall length 1029 mm. This volume was filled with gas. 
3. The chamber housing was maintained at earth potential. The space bet-
wet n this electrode and the high voltage electrode, was pumped at approxi
mately 10"5 Torr with the diffusion pump, and acted as a buffer for the 
differential pumping. The inner diameter of the space was 250 mm and its 
overall length 1093 ran. 

During the W value determinations the chamber was operated alternately 
for 10 s periods as either an ionization chamber, to measure the ionization 
produced by the particles, or as a proportional counter, to measure the 
incident particle rate. 

The relative standard deviation (a /m) of the incident particle rate 
was less than 1.5 %. 

In order to investigate ionization losses in the vicinity of the 
differentially pumped collimator, the pressure in the chamber was varied 
and W values were measured with Ar + in argon gas. Consequently, for 
lighter ions having, for the same energy, smaller stopping power, ioniza
tion losses r^v also be considered as negligible. 

It was found that the measured W values were independent of pressure 
in the range 7-15 Torr. 

3. OPERATIONAL CHARACTERISTICS 
3.1 Chamber characteristics 

The current, when the chamber was operated as an ionization chamber, 
was measured with an operational amplifier connected to the internal elec
trode and working as a current to voltage converter. The feedback resistor 
(5 x 10 fl) was calibrated to within + 0.5 % by using a current generator. 
The time constant was equal to 1.5 s. 

-13 The ionization currents were generally in the range of 2 x 10 
-1'* to 2 x 10 A. The collection characteristics of the chamber filled 

at 10 Torr with argon are shown in fig. 2. These characteristics were 
measured by the application of constant potentials, which were varied as 
follow : 
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1. From 0to +600 V giving a positive plateau of ionization due to posi
tive ion collection. 
2. From 0 to -400 V giving a negative plateau of ionization and an elec
tron multiplication. This gas gain was used to amplify the signal when 
the chamber worked as a proportional counter. 

3.2 Proportional counter characteristics 

As shown in fig. 2, when the internal electrode was positive a region 
of electron multiplication was found. This region could be extended before 
breakdown to 700 V in the case of argon gas at 15 Torr and 1000 V in the 
case of C0 2 gas at the same pressure. 

The internal electrode was connected to a charge sensitive preampli
fier (ORTEC 109 PC) suitable for particle spectrometry. The output of the 
preamplifier was fed into the input of an amplifier (ORTEC 452) adjusted 
to gain 100 with an integration time equal to differentiation time (2 ys) 
With these time settings tte electronic resolution (FWHM) measured using 
calibrated test pulses and a 1024 multichannel analyseur (Intertechnique) 
was found equal to 6 %. 

The ionization of the particles emerging in the gases through the 
aperture converted into pulses was also analysed by the multichannel 
analyser. A typical example of a pulse height spectrum is shovn in fig. 3 
for 50 keV He in argon gas. All the spectra showed gaussian shape. The 
FWHM of the peaks we-e ranging from 8 to 36 % depending on the mass and 
energy of the accelerated ions (MacDonald and Sidenius 1969). 

In order to investigate the slit alignment, the chamber was mis
aligned deliberately. Scattered particles has a reduced energy and can be 
seen in fig. 4. The pulses were also fed through a single channel ana
lyseur (ORTEC Model 420 A) into a scaler. The window of the analyser was 
adjusted so that the count in the scaler was equal to the integral over 
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the spectrum. This operation was easy to realize because the peeks were 
well defined. After the window of the single channel analyser had been 
adjusted the chamber was operated alternately in the ionization chamber 
and proportional counter modes. 

3.3 Cycling operation 

Switching operation from ionization chamber to proportional counter 
was done automatically. The following sequences were chosen : 
1. Proportional counter working time : 10 s. 
2. Switching time : 4 s . 
3. Stabilization time : 20 s. This time was necessary to stabilize the 
operational current amplifier after its connection to the chamber. It 
corresponds to more than 13 times the time constant of the amplifier. 
4. Ionization chamber working time : 10 s. 
5. Step 2. 
6. Step 3. 
7. Step 1, etc... 

4. DATA REDUCTION AND ANALYSIS 
4.1 Determination of the nwnbev of ionizations !t 

When the chamber is operated as an ionization chamber, the current 
is measured with an operational amplifier working as a current to voltage 
converter. The output voltage is converted into pulses (10 V/10 kHz). 
The collected charge is expressed by the relation : 

Q = 1 0 " 3 | (1) 
_3 where Q is the collected charge expressed in coulombs. The constant 10 

is expressed in V s per unit count of the scaler, R is the feedback 
resistor expressed in ohms (5.10 G) and q is the number of counts 
registered on the scaler during a 10 s period. 

The number of ionizations, N, produced in the chamber is deduced by 
the relation : -

where e is the charge of an electron expressed in coulombs. 
The value of N is then equal to : N = 1.25.104 q. 

The uncertainties on q and R are respectively + 1 % and +_ 0,5 % 
(two relative standard deviations). 
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4.2 Determination of the total energy. 

When the chamber is operated as a proportional counter, the total 
energy released by the particles passing through the collimators and 
stopping in the gas during a 10 s period is given by 

e = pE x 10 3 ( 3) 
where c is the total energy released expressed in eV, 
p is the number of particles entering the chamber volume during the 
10 s period, 
E is the ion energy expressed in keV. 
p is determined from observed counts p*, the latter may be subject to 
count losses. 

When operated as a proportional counter, the chamber is conside
red as a type I detector ; for this type, each pulse accepted by the 
circuit rejects pulses occuring within the dead time T ; the rejected 
pulse does not however extend the dead time. So the estimation of the 
unknown dead time T may be carried out in the following way : 
- the accelerator current is increased stepwise ; 
- the observed number of particles p* entering the chamber in a 10 s 
period is counted for each current ; 
- the number of pulses q delivered by the voltage to frequency conver
ter in the next 10 s period is counted. 

The corrected value of p is deduced from the observed value p* 
by applying the following equation : 

P - - J ^ (4) 
1-T£_ 10 

Since the ratio £ is constant, the following equations are applied for 
calculating the dead time T : 

P*l P*2 P*n 

q(l- !_L T) q(i_lL T) qM.Jjx) 
1 10 c 10 n 10 

constant (5) 
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The dead time correction (4 ) is applied in the same gas to other 
series of measurements to obtain p. As an example fig.5 shows that the 
slope of the curve p versus q is constant. 

Only measurements for which dead time correction is lower than 10 % 
of the counting rate are taken into account. 

The uncertainty on p is HK 0.5 % (two relative standard deviations). 

4.3 V calculations 
4.3.1 Basic formula 

The W value for the ions passing through and stopping in the gases 
is calculated by the relation : 

" - i <6! 

that is : 
M = 8.10' 2 -2- E (7) 

q 
The uncertainty on energy E is + C 5 5 (two relative standard devia

tions). 
The systematic uncertainty on w may therefore be estimated as 

+_ 2.5 % (two relative standard deviations). But, as shown by the relation 
( 7) most of the uncertainties are related to the ratio £. 

The variations of this ratio are essentially due to the accelerator 
unstability. The cycling operational mode is necessary. This leads to 
series of 20 to 40 measurements for each experiment. An experiment is 
defined by the type of particle, its energy and the stopping gas medium. 
This method gives statistical distributions of the measurements (Fig.6 ) 
and problems arise : how to calculate the mean value of W for several 
experiments ? How to compute the statistical fluctuations ? 

4.3.2 Statistical treatment of data 

Without any hypothesis on the distribution, the mean value and the 
variance may be computed for each experiment. 

For some energies, there were two or three groups of measurements. 
Therefore, for definitive calculations one has to pool the data. Before 
pooling, it is necessary to compare statistically the means and the 
associate standard deviations : 
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1. by Fisher test F (Snedecor tables) the equality of the variance is 
tested ; 
2. when the difference between variances is not statistically signifi
cant, the Student t test is used to compare the means ; 
3. when the Student test shows that there is no statistically signifi
cant difference between the means, a new mean and the associated stan
dard deviation are obtained by weighting the means and the variances. 
4. when the Student test shows a statistically significant difference 
between the two means, these groups of measurements are rejected. 
5. when the variances are statistically different, the Behrens-Fisher 
statistic, for which significant levels have been computed by Sukhatme, 
is used. 
6. when Behrens statistic allows to consider the means as being statis
tically identical, the problem is how to choose the best estimators for 
the variance and consequently the standard deviation. Arbitrary decision 
may be to take into account only the mean associated with the lowest 
variance. 

Another way is to take the following hypothesis ; if each sample 
is normally distributed and the pooled data are normally distributed, 
then one is allowed to take the variance and the mean as good estima
tors for this last distribution. The most efficient test for normality 
is the "U test" (Shapiro, Wilk, 1965). 

The latter is applied as follows : 
- the data are classified in an increasing order so that 
W, < IL < ...<w'n where n is the sample size, b is calculated : 

b - a n(W n- "i> + V i <* n - 1- » 2) + - • an-k+l O W l " V (8) 
where k = n/2 for even values of n and k = (n-l)/2 for odd values of n, 
and where the o* coefficients are given by the reference mentioned 
above. 
- the quantity U is calculated : 

U * b , (9) 
(n-l)s Z 

2 
where s is the variance. 

If U is less than the critical value given by the same reference 
the hypothesis of normality is rejected and these data are not taken 
into account. 
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When the "U test" allows acceptance of the hypothesis of normality 

for both distributions and for pooled data, the latter is then conside
red as an unique population. 
7. When Behrens statistic shows a statistical difference between the two 
means, these two groups of data are rejected. 
8. When there are more than two groups of measurements the variance ana
lysis is used. If this analysis shows no statistical difference between 
these populations, then they are pooled. On the contrary, they are not 
taken into account. 

5: CALCULATION METHOD 
In the slowing down of ions in monoatomic or polyatomic media two 

processes take place : 
- the kinetic energy is transferred from the incident particle to target 
atoms by "nuclear" or elastic collisions. This process leads to devia
tions of the incident ion from its initial path ; 
- the kinetic energy is transferred to target electrons by "electronic" 
or inelastic collisions. This process leads to the following events : 

- ionization 
- excitation 
- charge exchange 
- shell effect. 

These two processes compete differently according to the incident 
ion energies. 

5.1 Moncatomia target 
4/3 

- For ions of atomic number Z, and of energies less than 25 Zj keV/a.mu. 
these two processes are present. The nuclear stopping power is proposed 
by Lindhard, Nielsen and Scharff. Their semi-empirical relation is based 
on Thomas-Fermi model. 

The electronic stopping power versus incident proton and helium ions 
of energy E is approximated by the following relation proposed by Gouard : 

S e(E) - K (p) x E p (10) 
This formula is based on Lindhard et al relation, in which the 0.5 
exponent has been replaced by p. This parameter p was adjusted in order 
to fit S e(E) with experimental data (Gouard 1978). 
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The analytic form of K (p) was given by Gou«»r<f (1978. 

For other ions, the parameter p was taken equal to 0.5 by lack of 
data. 

4/3 
- For ions of energies 25 Zj ' keV/ a.m.u. to 2 MeV/a.m.u., the 

inelastic collision process predominates, and the stopping power versus 
incident ion energy E is f i t ted by this relation proposed by Steward (1968) : 

LogS e (E) = z C n(Log E ) n

 ( m 

n=0 l ' 
the coefficients C are defined by the stopping power values and their 

4/3 first derivatives at the upper and lower energy limits (25 Z, ' keV/a.m.u. 
and 2 MeV/a.m.u.). 

- For protons and helium ions of energies greater than 2 MeV/a.m.u. 
the inelastic stopping power function has a semi empirical form proposed 
by Barkas and Berger (1964). 

- For other ions the stopping power is calculated by multiplying 
the proton stopping power by 

I proton 
Z* being the effective charge (Barkas 1963). 
5.2 Diatomic targets 

The stopping power in the diatomic target situation is deduced from 
the stopping power of the constituant atoms by Bragg additivity rule : 

Se< E> " £ ,?!• "1 Se <£> (12) 
whe-eSg (E) is the stopping power of the atom i in the target ; 
P., is the partial specific mass of the atom i in the molecule; 
P is the specific mass of the molecule. 

5.3 Calculated Tf 

With these data, the resolution of a transport equation proposed 
by Winterbon allows to calculate the average energy imparted to produce 
ions in the gas ( p(E)). 
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and then 

The fraction of energy 1(E) released to the gas by inelastic 
collisions can be written : 

1(E). « P <13> 
If N is the number of ions produced by the particle stopping in 

the gas, then 1(E) can be also written : 

1(E) - V&- • | (14) 
or y 

1(E) = - f - (15) 
W(E) 

W 
W(E) = — ^ — (16) 

1(E) V ' 

In order to obtain tf(E), it is necessary to find W^ . In the literature 
the existing experimental information on W values for energies greater than 
1 MeV/a.m.u. has been obtained using as incident particles alpha from radio
active sources and 0 (Varma and Baum 1977). These W values are usely consi
dered as an approximation of W œ. 

In order to avoid the choice of an approximated value of K», 
preferable to take as reference the experimental W value determined at 
one arbitrary energy and to compare the calculated W curve to the other 
experimental points. 

6. RESULTS AND CONCLUSION 
Usually, the results are given with - 2 standard deviations ; 

this implies a normal distribution of the experimental results. This 
hypothesis is realistic for the mean values and the standard errors, 
but for the distributions themselves, it has to be tested. So, all measure
ments have been tested by the normality " U test " and few of them were 
rejected at a 5% level. In these conditions, it is preferable to give 
tabulations for U values with their associated standard deviations 
( in brackets in the tables) (Tables 1 to 4). Concerning the overall 
uncertainty, it may be estimated by the square root of the quadratic 
sum of the standard d viation and the systematic uncertainty (as mentioned 
above, this one is equal to 2.5%). Figures 7 to 10 represent W 
versus ion energy with the confidence interval - 2 AW , AW being the 
associated over all uncertainty. Calculated w" values are represented 
by continuous lines and the U values measured in the present work and 
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by authors are also plotted on these figures. Comparison could be 
made as follow : 

-for H +, He +, C +, N +; 0 + in methane gas ( Mac Donald et al. 1969), 
K + in N 2 gas (Combecher 1979), H + , He +, N + , 0 + in N £ gas ( Boring et al. 
1965), the agreement between the present work and the authors data is 
within 3% except for 0 + and N + at low energy (25 keV) (Boring et al. 
1965), where the difference is 8 and 9 %. 

-for He + in N 2, C0 2, CH^ gases (Varma et al. 1978) the values give-n 
by these authors are always above the present results by 3 to 7 %.• 
This may be due to the fact that these authors have used an Am source 
(5.47 MeV) ; the energy of the Am alpha particles was degraded by 
using air as an absorbing material, whereas this work has been done using 
He accelerated ions (moroenergetic). 

- for H +, He + in N 2, C0 2 and CH^ gases (Werba et al. 1978), the agreement 
is within 3% for protons but is worse for He (Werba's results are syste
matically lower by 2 to 7%). This may be explained by the fact that the 
authors measure the number of incident particles by a Faraday cup. 

-for H +, He + and Ar + in Argon gas, data published by Philipps (1964) 
and Lowry (1958) are within 1% to 4% as compared to the present data. 

A general remark may be done for protons in every gas: when plotting 
all the published values, the increase of W when the particle energy 
increases seems to be confirmed as also suggested by Green (1974) for H + in N 2. 

Generally,comparisons between calculated and measured W values 
shows a good agreement within 6%, except for He in argon gas and H +, 
C + in Nitrogen where the discrepancy may reach 15%. In some cases 
( for example He in Ar) the measured values are systema
tically below the computed ones in the low energy region. In other cases, 
(for example N +, C in methane gas) the measured values are upper. 

In most cases the agreement is better than 1%. 

In conclusion, the actual published values are in sufficient 
agreement to be used in practical use for dosimetric purposes. But, 
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further progresses are needed to cover a wider range of energy, specially 
below 25 keV. For the calculation,in the case of light ions, best agree
ment may be obtained by introducing more detailed atomic collision cross 
sections in the computer code and eventually using a Monte-Carlo treatment 
(Green 1974). 
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Table I. W values for H , He , N , 0 in nitrogen gas 

Ion incident _ 
W , nitrogen gas iev; energy 

(keV) H + He+ tf+ 0 + C + 

25 35.00.14) 49.8(0.56) 78.1(1.94) 84.0(1.69) 70.3 (0.56) 
50 34.4(1.34) 58.3(0.35) 63.3(0.81) 54.3 (0.67) 
75 35.0(0.34) 42.2(0.39) 52.8(0.69) 58.0(1.54) 49.5 (0-53) 
125 35.3(1.57) 47.1(0.33) 50.8(1.24) 
125.2 40.1(0.64) 45.9 (0.46) 
175 35.9(0.99) 40.2(0.19) 44.9(0.55) 49.2(1.13) 44.6 (0.79) 
225 36.4(0.26) 40.4(0.22) 44.2(0.24) 48.4(0.61) 43.7 (0.43) 
275 36.7(0.59) 43.9(0.57) 47.3(0.94) 43.1 (0.33) 
275.5 40.2(0.53) 
325 37.6(1.71) 40.4(0.46) 43.6(0.70) 46.3(0.49) 43.1 (0.44) 
375 38.0(0.64) 40.6(0.80) 43.3(2.04) 45.9(0.34) 42.8 (0.68) 

Table 2. W values for H , He , C , 0 in methane gas 

Ion incident W, methane gas (eV) 
energy 
(keV) H + He+ C + 0 + N + 

24 60.2(1.18) 
25 30.3(0.59) 46.4(1.04) 66.4(2.04) 65.2 (0.90) 
50 30.1(0.36) 39.0(0.61) 50.7(0.34) 56.2(1.55) 51.6 (0.51) 
75 29.8(0.24) 37.5(0.25) 46.2(0.44) 50.8(0.47) 46.9 (0.33) 
125 29.4(0.67) 35.8(0.70) 42.1(0.76) 47.2(1.25) 43.4 (0.74) 
175 29.9(0.58) 34.7(0.24) 40.2(0.38) 43.9(1.42) 40.8 (0.52) 
225 29.7(0.74) 34.4(0.24) 39.0(0.21) 43.2(1.20) 39.7 (0.36) 
275 30.1(0.32) 34.1(0.15) 39.1(0.69) 4.2.0(0.21) 39.4 (0.49) 
325 30.5(0.59) 33.8(0.34) 39.0(0.63) 41.6(0.37) 39.0 (0.52) 
375 30.0(0.84) 33.4(0.65) 38.7(0.50) 41.3(0.36) 38.2 (0.46) 
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Table 3. W values for H , He , C , 0 , Ar in carbon dioxide gas 

Ion incident W, CO 2 ga z (eV) 
energy 
(keV) H* He+ C + 0 + Ar+ 

25 43.8(0.46) 67.5(0.49) 79.6(0.98) 135.9(0.63) 
49.8 62.0(1.49) 
50 33.4(0.25) 40.7(0.49) 53.4(0.75) 97.1(0.52) 
75 33.5(0.28) 39.8(0.32) 48.2(0.39) 55.0(0.66) 82.9(0.70) 
125 33.9(0.16) 39.3(0.27) 45.3(0.55) 50.3(0.54) 71.2(0.54) 
175 34.0(0.24) 39.0(0.27) 43.8(0.34) 47.9(0.66) 63.3(0.45) 
225 34.8(0.39) 38.9(0.20) 43.0(0.98) 47.2(0.62) 60.5(0.57) 
275 34.9(0.20) 38.8(0.26) 42.9(0.43) 46.3(0.55) 57.6(0.90) 
325 35.7(0.46) 38.6(0.56) 42.4(0.48) 45.1(1.42) 56.7(0.90) 
375 35.3(0.90) 38.5(0.42) 42.6(0.58) 45.2(0.47) 54.7(0.73) 
375.5 38.3(0.49) 

Table 4. W values for H +, He +, Ar + ions in argon gas 

Ion 
Incident 
energy 
(keV) 

14 
23.4 
38.5 
47 
70 
72 
93.5 
140 
187 
280 
281 
289 
337 
374 

W argon gas (eV) 

\? He1 Ar1 

27.7 (0.86) 
26.7 (0.49) 28.5 (0.27) 

28.0 (0.67) 
*7.7 (0.34) 

26.5 (0.24) 27.3 (0.28) 
26.5 (0.38) 
26.6 (0.58) 27.5 (0.17) 
26.2 (0.28) 27.5 (0.31) 
27.3 (0.43) 
27.3 (0.36) 
27.8 (0.89) 
27.5 (0.25) 27.5 (0.71) 

78.9 (0.64) 

67.6 (0.47) 
65.6 (1.54) 
61.1 (0.42) 

50.3 (0.54) 

45.2 (0.78) 

45.2 (0.52) 

42.3 (1.14) 
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