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RELATIVE DETERMINATION OF W-VALUES
FOR ALPHA PARTICLES IN TISSUE
EQUIVALENT AND OTHER GASES
Gary L. Krieger

Abstract

W (the average energy to form an ion pair) for 5.4 MeV 241Am

alpha particles in a ROssi—fype tissue equivalent (T.E.) gas, argon
and methane was determined to an accuracy better than 0,2% using a
new automated datavhandling system, A vibrating reed electrometer and
current digitizer were»used to measure the current produced by com-
pletely sfopping the alpha particles in a large cylindrical ionization
chamber, A multichannel analyzer, operating in a slow multiscaler
mode, was used to store pulses from the current digitizer. The dwell
time, on tﬁe order of 60 minutes per channel; was selected with an
external timer gate. Current measurements we?é made at reduced pres-~
sures QJZOOforr) to reduce ion-recombination. The average current,
over many repeated measurements, was compared to the current produced
in nitrogen and its previously published W-value of 36.39+0,04 eV/ion
palr. The resulting W-values were (in eV/ion péir): 26,2940.03 for
argon, 29.0819.63 for methaﬁe and 30,724+0.04 for T.E. gas, which had

an analyzed composition of 64.67% methane, 32.4% CO,, and 2.7% nitrogen.

2
Although the methane and argon values agree within 0.17% with previously

published values, the value for T.E. is 1,27 lower than the single

previously reported value.



I. Introduction:

The objective of this research was to.determine ﬁithin a 0,2% ac-
curacy the W-value (average energy required to form an ion pair) for
5.4 MeV, 241Am alpha particles in a Rossi—type1 tissue éqdivalent (T;E,)
gas, methane and argon. A comparison method was used to calculate W to
nitrogen and its associated W-value as the reference.

W is widely ﬁsed in radiation aosimetrygto célculate the eﬁergy de-
posited in gés filled detectors. Experiments in microdosimetry using
ionization chamﬁers employ T.E. gases so that the energ& deposited in
tissue can'be'more‘éasii§ inférfed. Theréfore, any erfor assoéiated with the
W—valué will résultbin'a proportional error in the energy loss calculation.

Measurements of total ioniiation in gases, to which W is related,
have been'made siﬁce‘thé earliésf studies of radioactivity., One of the
first to make thesé‘ﬁeasﬁrementsvwas Rutherford2 at McGill University,
Montreal in 1899. Wofking wifh ;Ihomson,3 he developed the theory that,

", ..rays in passiﬁé £hrough the gas produce positive and ﬁegétively |
charged:particleé..." The term ion, which was derived from an.analogy
with electrélftic conduction, was applied to these charged particles,

Foilowing fgis development, Rdtherford went Qn to measure the
total ioﬁizationAproduced in various gases from "uranium radiation"
relative to that produced in air. The term ion pair was ad;pted at a
later date to describe the process of completely removing an electron
from the atom and forming two separate entities. |

Considerable work was done to make accurate méasurements of W during.
the 1950's and 1960's, Jesse;4 at St. Procopious College, Illinois,
measured W-values for a number of gases using absolute and relative

methods. In these studies, current formed by individual alpha particles,
-2 -



from a 210Po source, in a'cylindricallionization chamber operated at low
preésures, was measured using a vibrating reed.electrometer which was -
connected to a strip chart recorder. By measuring the magnitude of many
pulses and comparing them to a calibratea pulse, he was capable of deter-
ming W with a 0.2% error.

Another major group, Bay, et a1.5 at the National Bureau of Stand-
ards, made absolute measurements of W for various gases with a different
technique than that used by Jesse. Ionization current from a 210Po
alpha source was measured using a vibrating reed.electrOmeter. Their
apparatus also simultaneously counted the number of alpha particles pro-
ducing that current. By knowing the overall capacitance on the chamber)
they were able to determine W with the same accuracy as Jesse. The re-
sults published by the two investigators were in excellent agreement,

Measurements were also.méde by Bortner and Hurst6 af Oak Ridge
National Laboratory. The charge, produced by 239Pu alpha particles in
a parallel plate ionizatién chamber, was measured by determining the
“voltage change on an acqurately calibrated capacitor in series with a
poteniometer and an electrometer as a null detectorﬁ. They .used highly
purified gases in their experiments and examined the effects of impur-
ities on various gases. A discussion on the effects of impurities on
gases will be described in the Theory section.

Kemmochi7 repdrted W for alpha particles in Rossi-type T.E. gas
as 31.119.1 eV/ion pair. His précedure vas a modification of Jesse's
method. Instead of a strip chart recorder, he used a peak holder
and a multichannel analyzer to store pulses. He compared the mean
value of pulse height spectra from alpha‘particles in each gas, using a

. 24 . .
collimated 1Am source, with nitrogen as the reference gas.
-3 -



A recent surﬁey on.W-values .for alpha particles’ in a variety of
gases was made by.PWers. Although his tabulation is extensive, no
. W~value forialphg particles in Rossi T.E. gas is presented. Table 1
lists previously published W-values for alphé particles .in the gases
examined in this research. The weighted mean is a composite value
calculated‘by Why;:_e9 from the results of the listed experimenters.,

In t'hg fesearch described here, different procedures were employed
than those used by the above-mentioned scientists to measure W and the
associated error for alpha particles in a T.E. gas. A comparison of
the determinations made in this research with the accepted published

W-values for argon and methane establishes alevel of confidence used to

estimate the accuracy of the W-value determined for T.E. gas.

Table 1. W-VALUES (eV/ion pair) FOR ALPHA PARTICLES IN VARIOUS GASES

Rossi

Researcher EQ—" Qﬂ4_ égggg T.E.
Valentine & 36.0+0.7 29.0+0.6 25.9ib.5 -
Curran (10)
Jesse & : 36.6 29.2 26.4 -
Sadauskis (11D)
Sharpe (12)  36.440.4 29.140.4 26.340.3 -
Haeberli, . 36.340.15 - - 26,25+0.12 -

et al, (13)
Biber, et al. (14) 36.5+0.15 29.040.15 - -
Bortner 36.340.4 29,440,3 26,4+0,3 -

& Hurst (6) .
Jesse 4) 36.3940.07 - - -
Bay, et al.  (5) 36.38+0.07 - - -
Genin (15) 36.640.5 K 26.,540.3 -
Kemmochi (7) - - | - 31.1140.1
Weighted Mean (9) 36.3940.04  29,1+0.1 26.3+0.1 31.1+0.1



II. Theoxy:

A. Ionization aﬁd Excitation

When an ionizing particle passes through a° gas, part of its en-
ergy is lost in ionizing the gas. The rest is consumed in non-ionizing
- processes (e.g., excitation). Because energy is lost in non-ionizing
processes, the energy required to form an ion pair will be greater than
the ionization potential for a particular gas. The energy expenditure
to form an ion pair varies from one atom to the next and for most cases
the number of_ion pairs is large, so that an average value is useful,
" The parameter W is defined16 as the average energy spent to form an ion
pair.

E
We=a (1)
1

Where Ni is the number of ion pairs formed when the energy, E, of the
particle is completely absorbed.
Platzman17 developed the energy-balance equation, which described

the processes involved in energy loss, for the case of helium:.

E=NE + N, Eo * .\*1? | (2)

where

E = total charged particle energy

Ni = number of idn'pairs

Ei =..ave_ra.ge energy ex}pend.edi to form an ianized atom

lNex'= number of excited étoﬁs produced

E;x = average energy expendgd to cause excited atoms

€ = average kinetic energy of sub-excitation electron



Equations 1 and 2 when combined define W as:

Nex = - '
Ni Eex t+ € . '1 . (3)

=L _F
W= N Ei +
i
Platzman suggested that the magnitude of W be evaluated relative to the
ionization potential I, He found, for the noble gases, W/I is close to
1.7, whereas for molecular gases including hydrogen W/I lies between 2.1
and 2,6. The ratios are higher for molecular gases because energy is

transfetrred to moleculér potential energy and the higher probability of

multiple electron transitions.

B. Ga§ Impurities

There are Fwo known processes by which impurities cause a decrease
in the measured W-value,

(1) Thg Jesse.effect (ionization of impurities by excited atoms),
Jesse and Sadauskis11 found that small amounts of argon (0.1 mole %) in‘
helium and neon decreased the measured W-value b& 30%. This effect is
caused by an energy transfer from the exéited atoms to argon, and be-
cause the ionization potential is lower for argon than for neon or
helium, more ionizatioh is produced.

'(2) Ionization of impurities by sub-excitation ele¢trons.
ElecLrouns uf.impurities With lLower binding energy_;han the lowest

possible excitation potential of the parent gas, can be ionized.

C._ Gas Mixtures

Many types of ionizétion'chambers currently in use employ a
mixture of two or more gases to achieve the desired operating character-
istics. Bortner and H.urst6 investigated the effect on W for a mixture

of gases. They found the W-value for a mixture of two gases is given by:

-6 -



W <W W2> z+ w *)

wvhere Z = p1/(p1+ap2), Py> Py = partial pressures of the two gases in
the mixture and a is an empirically determined constant fof each
mixture.

In 1963, the formula for the composite W-value was modified

slightly By Strickler18 for three gases as follows:

= - " .
Wij (Wi Wj)Z ij + Wj (5)

i "o o= +
where V4 i pi/(pi fijpj)

P.

1,pj = partial pressures of the gases i and j respegtively;

fij is also an empirically determined constant.

Strickler assumed that,

£~ fk' (6)
ij Eﬁl
: ki
where i, j and k refer to any three gases.
: Kemmochi7 expanded equation (5) to a mixture ot more than two
gases.
n n
= R
¥1,2,00n 2 P W,/ I o, )

i=1 =1
By comparing the calculated and measured W-values for a variety
of gas mixtures he demonstrated the validity of equation (7). If the
presence of a secondéry gas does not contribute ionization to the
primary gas, then equation (7) can be employed to find the effective

W of the. mixture,



D. Recombination

When a charged particle passes through a gas, positive and nega-
tive ions are formed. After a period of time, in the absence of an
electrical field, the ions will recombine., Recombination is the pro-
cess by which ions of opposite charge neutralize themselves, Thomson3
at the Cavendish‘Léboratory was the first to study the loss of ions by
recombination. Since that time, various aspects of .recombination have
been investigated under a variety of conditions., A thorough reference
to the various tyées of récombiﬁﬁtion under different condilions Is
given bylL'oeb.19

Under the operating conditions of this experiment two types of
recombination, columnar and volume, were dominant.

(1) Columnar Recombination,
Bragg and Kleeman20 in their experiments on the range and ionizatiop of
alpha particles, noticed that it was more difficult than predicteditb
achieve saturation current in their ionization chamber, Their explan-
ation, although erroneous, was based on the assumption of an initial
recombination effect, whereby ions origiﬁating from the same molecules
reunite, Moulin21 demonstrated that what Bragg and Kleeman observed
was not initial recombination, but the result of ions 5e10nging to the
same 'column' (alpha particle track) recombining. He also suggested
that the ions were not distributed uniformly. Around the same time,
Jaffezz deﬁeloped'the theory of columnar ionization and recombination.
He suggested that ionization of a gas by an alpha particle occurs in a
restricted region (coluﬁnj-aioﬁg the alpha particie's path. He assumed
that, in the initiél ionizétion along the path, the ion distribution is

very dense and declines radially in a Gaussian distribution from the
-8 -



axis of the column., Columnar recombination is defined as_the recombina-
tion that occurs between the ions distributee withln the same column.
Under normal circumstences the‘true saturatlon(current cannotlbe
measure& even for very larée fields. Before the ions can be drawn out
of thelcolumn, some will diffuse and be lost by reccmbination.

2) Vblume Recombination. |
Ba51ca11y, volume recomblnatlon“occurs between the ions of dlfferent
tracks. A theory.was developed bp Thomson that would describe the total
saturatlon curve. He developed d1fferent1al equatlons descrlblng the .
motion of lons under the influence of an electric field. Thomson3 rea—
-soned that the number cf 1ons, n, that are lost by recomb1nat10n per
unit t1me is propcrtlonal to the square of che number present in a ‘
given volume, o |

_="‘an, .. ' . (8).

where o is defined as the recombination coefficient. Many theoreticians
and experimenters have -improved upon Thomson's initial differential
equations.. A complete history of the development of these equations

s ' 23
can be found in the report by Tate and East,
‘In order to determine the amount of recombination, the ratio of

measured current, I, to saturation current (expected for an infinite

field) Impis‘employed. The fractional recombination is therefore:
. .
A=1-— : 9)
: 3 S . . .

To find current produced: for an infinite field, a method similar
to Zanstra' s,z'4 first published by Hess,zs‘ls employed; The procedure

is described in the section on experimental methods.

-9 -



III. 'Experimental Methods:

A, Appéfatus

The ionization chamber used in this experiment was originally de-
signed by'Baum26 for I:ETr étudies of heavy ion beamé at reduced pres-
sures, The physicai construction of the chamber was describedlin de-
tail by Varma and Baum.27 For the purpose of this reéearch, the chamber
was modified slightly to measure W for alpha particles in a variety of
gases, It coﬁsisted of a'cylindrical aiuminum iohization chamber;
1 meter lzng with a diaméter of 30 cenfimeteré (see Fig., 1). Paféllel
to the central axis of the.éhamber was a segmented cylindricallbrass
collecting electrode. .The electrode contained 6 segﬁehts? éach 15 cm
long, supported on a ground electrode; Selection of the desireé seg-
ments was m;de by magnetically operated reed switches (Hamlin, Lake
Mills; Wisconsin). This permitted selection of any one or a combina-
tion of up to 6 segments to collect ions along the particle track,
Batterieg (two Everready'SOOV) were used to supply the high voltage to
the chamber. .Batteries were chosen because of their high stability and
their low noise characteristics,

A description of the experimental design is found in Fig. 2.  Ion-
ization‘éufrent resulting from collection of: ions within the chamber
wasbmeaéured with the aid'of a vibrating reed electrometer (Victoreen

15

Model 475A) over the range of 10~ ta 10-7 ampeves, It had a low in-

put capacitance (25 picofarads) and a high input impedance (1010 ohm) .
The amplified current was converted to pulses using a current digitizer
(Ortec Model 439). This instrument produced square wave pulses of +5

volts, 500 nanoseconds wide corresponding to each 1056 coulombs of

charge collected. The pulses were stored in a multichannel analyzer
' - 10 -
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(TMC Model 404) operated in a multiscaler mode. Pulses were stored in
one channel for a selected length of time, then a channel advance pulse
from the dual timer/gate (Canberra Model 1776) signals the analyzer to
advance one channel. The timing interval, usually 60 minutes, was con-
trolled by a crystal time base clock which was accurate to 0.00057 over
the operatinghtempérature range of 0 to 50°C. Finally, the number of
pulses stored in the multichannel analyzer was printed out with a paper
type printer (TMC Model 500)..

The chamber was evacuated overnight to 5 millitorr and was filled
with the gas under investigation and pumped down to 30 millitorr five
times before each measurement., This process was followed to reduce any
possible contamination from the insulators and walls of the chamber.

To have maximum alpha particle range and a minimum of ion recombina-
tion, gas pressure was adjusted to cause the range to be slightly less
than 15 cm., This was to insure that no energy was lost to the walls of
_the chamber. This range limitation of the alphas was insured by making
certain that no current waé broduced'in the second 15 cm electrode seg-
ment above the background current.

- The gases examined were (1) ultra pure nitrogen (99.996%), (2) meth-
ane (99.0%), (3) argon (99.998%), (4) tissue equivalent gas* (64 .47
methane, 32.4% CO2 and 3.2% Nz). The actual partial pressures for
T.E. gas found in this study are given on page 36. Gas samples were
analyzed for impurities by the Brookhaven National Laboratory Analytical

Services Section using mass spectroscopy.

Nitrogen was selected as the reference gas for various reasons.

“Specified by Matheson Gas Products, E, Rutherford, N.J.
- 13 -
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- Nitrogen has a low recombination coefficient which makes saturétion‘
easily attainable, and the W-value‘for nitrogen is widely accepted as
36.39 + 0.04 eV/ion pair.9 The nitrogen used was of ultra high purity
grade. According to the analySis.at Brookhaven National Laboratory (BNL)
‘impurities accounted for 50 ppm (parts per million). The effect of |
this amount of impurity wés negligible since impurities in the published
data were 100 ppm,

An americium-241 (T% = 458 years) a}pha svurce wlth a measured
energy pegk of 5,40 MeV was employed. The 241Am'was electrodeposited
on a stainless steel disc measuring 1.5 cm &iameter. The source
strength, determined with a large area Au-barrier type Si detectér, was
1.93 x 105 disintegrations per minute per 2ﬂ.28 Absolute disintegration
rate was not important since measurements were made by the comparison
method. The éource was positioned on the inside center of the chamber
end plate. No collimator was used because it would have greatly re-
duced the intensity of the source which would have required lnngexr oh-

servation times to produce the same accuracy.

B. Calibration of Equipment

Before each measurement, a calibration check of the electrometer,
current digitizer and multichannel analyzer was made using a standard
current source (Victoreen Model 475-429, Serial 176)., The expected
current produced by the standard was 1.09 x 10'-11 amperes +1%. The
purpose of the calibration check was-té insure that tﬁe system waé
stable and that no dr}ft in the electrometer or in the associated

electronics was taking place.

- 14 -



C. Saturation Characﬁeristics

For each gas a saturation curve (current vs, voltage) was plotted,
for the collection of both positive and negative ions. To correct for
ion recombination within each gas, it was necessary to extrapolate to
the currentlexpected for an infinite field. For currentlI and voltage
V, one plots I/V vs. I and extrapolates as V= ©, I/V = 0.2~5 The ex-
trapolated value would be the current collected for an iﬁfinite field
strength. This method to correct for ion recombination is similar to
that of Zanstra,24 Qho suggests plotting 1/V vs. 1/I as V + =, The re-
sults of these extrapolations are identical except that by using Hess'
method I» is extrapolated directly., A least squares fit29 was applied
to the linear portion of the extrapolation curve (5 highest voltage
‘points) and a linear regréssion was used to calculate thé intercept and -
its uncertainty.30 This method of finding the intercept was used to re-
duce the possible errors resulting from a graphical extrapolation. The
linear regression formula was also used to calculate the standard devia-
tion of the intercept which is an indication of the magnitgde of uncer-
tainty in the intercept. Current produced at each voltage was divided

by the extrapolated current (Ie) to produce relative saturation curves

for each gas for both polarities.

IV, Results and Discussion:

A, Determination of Optimum Coﬁdi;ions

In order to achieve optimum conditiéns for measuring W, it was
necessary to stop essentially all of the aipha particles within the
first 15 cm electrode segment of the chamber and at the same Liume

reduce ion-recombination as much as possible, The optimum range of
- 15 - ‘



the alphas was determined by adjusting the pressures in the chamber.
.Fig. 3 shows experimental saturation curves.at various pressures in air.
Decfeasing'the pressure from 760 .to 200 Torr caused saturation to be
attained at a lower voltage and a greater current was'collected, which
indicated recombinationAwas being minimized. Reducing the pressure
further showed a decrease in cu;rent because energy was being lost to

the walls of the chamber. At pressures <100 Torr, and voltages >400
volts, electrical arcing occurred between the chamber wall and the center
electrode. For each.gas'under investigation, a similar routine was
performed to insure optimum conditions.

Saturation characteristics of this chamber for each gas were de-
termined for both polarities at pressures from 100 to 760 Torr. Higher
current was collected usiﬁg negative polarities because of gas amplifica-
tion by éleétrons accelerated by the applied electric field, For the
samé field strength, positive ions caused less amplifiéation because of
their greater mass and resulting lower velocity. It was decided from
this preliminary experiment that current formed by positive ions was to

be used to determine W.

B. Recombination Corrections
At the desired pressure and voltage for each gas, & fractional re-

combination coefficient was measured and used to courrect for current

A

lost by recombination., Employing Hess' method,ZD a series of curves,
as shown in Figs. 4 and 5,_was used to correct for recombination., Fig. 4
~ shows the‘overail shape of the extrapolation curve (I vs. I/V) for posi-
tive and nega;ive ions in nitrogeﬁ at 200 Torr. It can be seen that

higher currents resulted from the collection of negative ions, The

- 16 -
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curves become linear as I/V + 0 and it was in this region the curves
were extrapolated to find the current that would be expected for an
infinite electric fiela.

An expanded view of the linéar portion of the extrapolation curve
is shown in Fig. 5. Solid and open points represent negative and posi-
tive polarities respectively. Error bars signify one standard deviation
from thc mean of three separate measurements. The solid lines represent
least square fits and are extrapolated to I1/V -+ 0, Because of the sim-
ilarity of the extrapolation curves for each gas invectigated, only the
nitrogen data have been shown for ;llustrative purposes.

Results of the extrapolated currents and their standard deviation
are summarized in Table 2, In each case, the current for negative ion
collection was higher than that for positive ions. The values in Table 2
were used to find the fractional récombinatidn qu. 9) and also to con-
struct relative saturation curves,

Table 2, CURRENT AND ITS STANDARD DEVIATION
EXPECTED FOR AN INFINITE FIELD

Expected Current (3}0-11 amps)

as Lo (+) Io(=)

N, £.306 + 0.005 6,341 1 0.009
T.E. 7.492 + 0.008  7.526 + 0.006
cH, ©7.923 + 0.007  7.955 + 0.004
Ar  8.776 + 0.006  8.833 + 0.011

Relative saturation curves (I/Le VS. voltage) for each gas are shown
in Fig. 6 for the pressures used. The fraction of ions collected at

various voltages for each gas are summarized in Table 3,.
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Table 3,
Gas &
Polarity ..
N, ()
13 (_)
T.E. (+)
()
CH, ++)
_An - (_)
Ar  (4)
" (_)

v

RELATIVE SATURATION (I/I,) FOR EACH GAS
AT VARIOUS VOLTAGES AT THE PRESSURES USED

Appligd Voltage (Volts)

Uncertainties ar= one standard deviatior. limits

150 200 250 200 350 400
0.993#0.0C1% . 0.993#0.001  0.996+0.002  0.996+0.001  0.9974#0.001  0.997+0.001
0.996+0,002.  0,99740.002  0,99740.002  0,99740.002 0.997+0.002  0.999+0.002
0.991+0.002  0.99540.003  0.995+0,001  0.99640.002 0,997+0.001  0.998+0.001
0.988+0.001  0,990+0.002  0.992+0,003  0.99440.001  9.994+0.001  0.995+0.001
0.99240.002  0.99340.001  0.99540.002 0.99540.001 0,996+0.00L 0.997+0.001
3.99040.001  0.99240.001  0.994+0.001  0.995+0.003 0.966+0.001  0.997+0,001
0.996+0,002  0.997+0.001  0.99740.001  0.997+0.001 0,997+0.001  0.998+0,001
D.994+C.002  0.997+0,001  0.996+0.001  0.997+0,001  0.999+0.001

0.998+0.001



The fraction éf ions lost to recﬁmbination was higher 04.3%) for
Vppsitive than negative ions in nitrogen and argon. With T.E. gas it
Qas just the opposite) and for methane the values were approximately
the same. At saturation voltages (200 to 400 volts), recémbinétion
accounted for only about 0.4% of the total ions collected. The values
listed in Table 3 were used to correct all current measurements for

recombination losses,

C. W-Value Results

W was determined using the mean value of many repeated current
measurements as described in the ExperimeﬁtalvMethods. Current was
collected over periods ranging from 15 to iOd hours. Data collected
during each hour represented oné measuremeht.

Certain problems were encountered during these measurements. The
lower curve of Fig; 7 shows how current measurements were affected by
changes in background radiation produced by operation of the High Flux
Beam Reactor (HFBR) and Alternating Gradient Synchrotron (AGS) facili-
ties at BNL. Increases and dgcreases correqund to start-up and shut-
down procedures of those faéilities. An increase of 6 wR/hr above
natural backgrqund produced a 0.47 increase in current measuremehfs.
The upper curve of Fig. 7 shows data from a typical ﬁeasUrement made
when both the HFBRland AGS were operating géntinuously;‘ All successive
meaéurements were made under conditions similar to those found in the
upper curve,

To insure repfoducability, measurements wefe'repeated‘threé timgs
for each gas, each measuremep&_being separated by an interval of two

'wéeks. The results - for each gaé are listed in Table.4, Avefage cur-
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rents corrected for_background and percent saturation are reported as
mean values and assbciéted sténaard'e¥ror.31 The average current, of
tﬁe three4measurements'f6r eachﬁgas,'was compared toxéhe average current
produced in nitrogen and ité previously published W-value to determine W,

Ratios of the current produced in each gas to the current produced
in nitrogen are listed in column 6, If a more preciée W-value for nitro-
gen can be found, tﬁese ratios can bgbemployed to calculate W for each
gas to a better PrECiSionsinceAabout 50% of the listed uncert;ipty is due
to uncertainty in the préViousiy published'w;value for nitrogen.

The W-values calculated for each measurement plus the calculated
mean of the three measurements are listedjiﬁ column 7. Eéch determined
W-value hasban uncertainty of about 0.1 to 0.2%. Deviations within a
single day were no greater than 0.05%. There was very-good agreement
between measurements from day to day, except for the single case Af'
argon, The maximum deviatiﬁns were 0,347 for argon, 0.06% for methane,
0.16% for T.E. gas and 0.09% for nitrogen. One value of argon falls
just outside the 95% (20) confidence level of the mean value. Fig. 8
shows a typical frequency distribution of current collected for 100
hours. A Chi-square test was used to determiné ﬁhe probability? for
repeated observations, that deviations greater than lo from ;he normal
distribution would occur. The probability thét a measurement wouid show
a greater deviation was calculated as 27%. Therefore, in 3 out of 10
similar observations a greater flqétuation‘(lc) could be oﬁsérvgdf It
is believed that the exceptional argon fesult mentioned above was within

the limits of this statistical uncertainty.
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Table 4.‘

EXEERIMENTAL RESULTS

‘Number of

Ratio of Curre

3 . *
_ Applied Avg. Ion Current nt )
Gas P(Torr) Potential Observations (10-11 amps) to Né Current = W-Values
. dededek
N, 200 350 6C 6.3376+0.0008 - - -
" . 200 300 48 6.3269+0.0011 - -
" 200 300 64 6.3314+0.0009 - -
mean ° 6.3320+0.0025 - (36.39+0.04)°
Rossi o e S : .
T.E. 200 e 18" 7.4920+0.002 0.8452+0.0004" " 30.76+0.04"
e 200 350 24 7.4981+0.002 0.844540.0004 30.73+0.04
S 200 300 17 7.512440,003 0.8429+0.0005 . - 30.6740.04
_ .mean  7,5008+0.0061 0.8442+0.0008 30.7240.04
' Yook Fedeke - V
CH, 300 o 1€ 7.923140.004 +0.799240.0005 29.08+0.04
" 300 300 23 7.9280+0.002 0.7987+0,0004 - 29,0740.03
n 300° 300 16 7.91914+0.003 0.7996+0.0004 29.,10+0.03 .
mean = 7,9234+0.003 0,7992+0.0004 29.08+0,03
- - ke eIk, . :
Ar 250 o - 18 8.7760+0.001 0.7215+0,0003 26.26+0,03
250 300 20 8.7760+0.002 0.721340.0003 26,25+0,03
" 250 300 15 8,.,73354+0.002 0.7250+0.,0003 26,38+0,03
‘ mean 8,7627+0,014 0.7226+0.0010 26.,2940,05

* Corrected for background and 7% saturatiom.
%% . Extrapolated to ® wvoltage

Y¥*% Number of points in extrapolation

*¥¥% Errors are standard errors
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Typical frequency distribution of current measurements

showing mean value and associated standard deviations.
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D. -Gas Analysis
Actual analysis of the gases inves;igatéd in this research-réported :

by the Analjtical Services Section were:

Rossi type T.E.: CH, 64 .67
co,  32.4%
N2 2.7%
C2H6 ' 0.281‘
O2 0.02%

plus some trace organics

Nyt N, 99.9957%
0, 0.005%

CH:  CH  98.981%
32 _ 0.64%
co, 0.20%
0, 0.05%
C2H6'. 0.07%
CjHy  0.02%

Ar 0.009%

other orxganics 0.02 -0.03%

CAr:  Ar  99.998%

Since thé impurities in the -gases did not contribute to the Jesse
effect, Strickler's modified‘equation'(Eq} 7) along with the above
‘valﬁes Qere<ﬁsea,to%calcuiate W for each mixture of gases. The calcu-
'lated'yalues are listed in column 3 of Table 5. |
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Table 5. COMPARISON OF W-VALUES. (eV/ion pair)

- Experimental Gas Mixture v Published
Gas Result Forrmula Values
N, - | 136.35 36.39+0,04°
T.E. 30.72+0.04 30.83 31.116.17
CH, 29.08+0.03 29,14  29.110.1°
9

Ar ’ 26.2940.05 - 26.30 - 26.3+0.1

E. Comparison of W-Values

W for methane and argon are in‘eﬁcellent agreement (better than
0.1%) with calculatedkand previously published W-values. "This was an
indicétion of the reiiability of this technique for precise determina-
-tions of W, There was slightly less agreement (0.37%) between experi-
mental and calculated W~values for T.E. gas. The experimentally'detef-
mined W~value for T.E. gas is 1.2% lower than the previously reported
W-~value. The values do not agree within their limits of uncertainty;
The values determined here(are in closer agréement with the valueé pre-

dicted by Strickler's equation.

F. Error Analysis
The total error in the determination of W was estimated to be

about 0.2%. The various sources of error are summarized in Table 6.
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Table 6. , SUMMARY OF ERRORS

Source - ‘ Estimated Error (%)
Electrometer reproducibility 0.05

Voltage determination ' 0.01

Extrapolation (includes above) 0.1
Reference value - 0.109
A'Avetage reproducibilicy error 0.1

Total uncertainty 0.18

Not included in Table 6 was the uncertainty (4+0.1%) in the output
of the cerrent calibration source., Because determinations were'made by
comparisons of currents, any such systematic error in the absolute
current calibration was cancelled out. -The variatioﬁs in the measured
current from the standard source is included in the above reproducibility
€rrors. . .

The largest sources of error were the extrapolated current (0,1%),
reproducability (0;1%), and the uncertainty in the reference value for
nitrogen (0.1%). Uncertainty in the extrapolated current was calculated
using anélysis of variance30Afor the 5 points en the curve. Variations
from the least squares fit, for:each point, were reflected in the un-
certainty of the extrapolated value, The average deviation in the re-
producatility for determining W was 6;1%. The lergest variation from

the mean value was the single measurement for argon which was 0,34%.

V. Conclusioh:
The W-value for T.E. gas determined in this study was 1.2% lower

than the value published'by Kemmochi, and shows better agreement with
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the predicted value obtained using Strickler'é equation. This lower
value will reflect a proportional increase in the calculated dose de-
livered to a tissue equivalent ionization chamber.

The automatedtechniqqes employed in this study reduce the time
required to analyze the data without sacrificing precision., Tﬁe excel-
lent agreement (0.17) between the préviously published values for
methane and argon, and those found in this study demonstracés the

reliability of this method for routine precise determination of W.
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