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RELATIVE DETERMINATION OF W-VALUES 
FOR ALPHA PARTICLES I N  TISSUE 

EQUIVALENT AND OTHER GASES 

Gary L. Krieger 

Abst rac t  

24 lAm 
W ( the  average ene'rgy t o  form an ion  p a i r )  f o r  5.4 PleV 

alpha p a r t i c l e s  i n  a  Rossi-type t i s s u e  equivalent  (T.E.) gas, argon 

and methane was determined t o  an accuracy b e t t e r  than 0.2% using a 

new automated da ta  handling system. A v i b r a t i n g  reed e l e c t r m e t e r  and 

c u r r e n t  d i g i t i z e r  were used t o  measure the  cu r ren t  produced by com- 

p l e t e l y  stopping the  a lpha  p a r t i c l e s  i n  a  l a r g e  c y l i n d r i c a l  i o n i z a t i o n  

chamber. A multichannel analyzer ,  ope ra t ing  i n  a  slow n u l t i s c a l e r  

mode, was used t o  s t o r e  pulses  from the  cu r ren t  d i g i t i z e r .  The dwell 

time, on t h e  order  of 60 minutes per  channel,  was s e l e c t e d  wi th  an 

e x t e r n a l  timer gate.  cu r ren t  measurements were made a t  reduced pres-  

s u r e s  (-200 Torr) t o  reduce ion-recombination. The average c u r r e n t ,  

over many repeated measurements, was compared t o  the  cu r ren t  produced 

i n  n i t rogen  and i t s  previously published W-value of 36 .395 .W e ~ / i o n  

pai r .  The r e s u l t i n g  W-values were ( i n  e ~ / i o n  p a f r ) :  26.29+0.09 - fo r  

argon, 29.085.03 f o r  methane and 30.725.04 f o r  T.E. gas,  which had 

an analyzed composition of 64.6% methane, 32.4% C o p ,  and 2.7X ni t rogen.  

Although the  methane and argon values  agree  wi th in  0.1% wi th  previous ly  

published values ,  the  value f o r  T.E. i s  1.2% lower than t h e  s i n g l e  

previous ly  reported value. 



I. Int roduct ion:  

The ob jec t ive  of t h i s  r e sea rch  was t o  determine w i t h i n  a 0.2% ac- 

curacy t h e  W-value (average energy required t o  form an i o n  p a i r )  f o r  

5.4 MeV, 241Am a lpha  p a r t i c l e s  i n  a  ~ o s s i - t ~ ~ e '  t i s s u e  equivalent  (T.E..) 

gas ;  methane and argon. A comparison method was used t o  c a l c u l a t e  W t o  

n i t r o g e n  and i t s  assoc ia ted  W-value a s  the  reference.  

W i s  widely used i n  r a d i a t i o n  dos iqet ry  .to c a l c u l a t e  t h e  energy de- 

pos i t ed  i n  gas f i l l e d  d e t e c t o r s .  Experiments i n  microdosimetry us ing 

i o n i z a t i o n  chambers employ T.E. gases s o  t h a t  the  energy deposi ted i n  
. . , . 

t i s s u e  can be  more e a s i l y  infer red .  Theref.ore, any e r r o r  associa ted  with t he  

W-value w i l l  r e s u l t  i n  a  p ropor t iona l  e r r o r  i n  the  energy l o s s  ca lcu la t ion .  

Measurements of t o t a l  i o n i z a t i o n  i n  gases,  t o  which W i s  r e l a t e d ,  

have been made s i n c e  t h e  e a r l i e s t  s t u d i e s  of r a d i o a c t i v i t y .  One of the  
. . 2 

f i r s t  t o  make these  measurements was Rutherford a t  McGill Univers i ty ,  

~ o n t r e a l  i n  1899. working wi ih  ~ h o m s o n , ~  he developed t h e  theory t h a t ,  

". ..ray's i n  passing through t h e  gas produce p o s i t i v e  and negat ive ly  

charged part icles . . ."  The term ion,  which was derived from an analogy 

w i t h  e l e c t r o l y t i c  conduction, was applied t o  these  charged p a r t i c l e s .  
. .  

, . 
Following t h i s  development, Rutherford went on t o  measure the  

t o t a i  ioniza t ion ,produced i n  var ious  gases from "uranium rad ia t ion"  

r e l a t i v e  t o  t h a t  produced i n  a i r .  The term ion  p a i r  was adopted a t  a  

l a t e r  d a t e  t o  desc r ibe  t h e  process of completely removing an e l e c t r o n  

from t h e  atom and forming two separa te  e n t i t i e s .  

Considerable work was done t o  make accura te  measurements of W. during.  

t h e  1950's and 1960's. ~ e s s e , ~  a t  S t .  Procopious College, I l l i n o i s ,  

measured W-values f o r  a  number of gases using abso lu te  and r e l a t i v e  

methods. In  these  s t u d i e s ,  cu r ren t  formed by ind iv idua l  alpha p a r t i c l e s ,  

- 2 -  



210 
from a Po source,  i n  a  c y l i n d r i c a l  i o n i z a t i o n  chamber operated a t  low 

pressures ,  was measured us ing a v i b r a t i n g  reed e lec t rometer  which was 

connected t o  a  s t r c p  c h a r t  recorder.  By measuring t h e  magnitude of many 

pulses  and comparing them t o  a ca l ib ra ted  pu l se ,  he was capable of de te r -  

ming w w$.th a 0.'2% e r r o r .  

Another major group, Bay, e t  a 1  .5 a t  the  ~ a t i o h a l  Bureau of s tand- 

ards ,  made abso lu te  me'dsurements of W f o r  var ious  gases wi th  a d i f f e r e n t  

technique than t h a t  used by Jesse.  Ion iza t ion  cur ren t  from a 2101Jo 

alpha source was measured us ing a v i b r a t i n g  reed electrometer .  Their  

apparatus a l s o  simultaneously counted the  number of alpha p a r t i c l e s  pro- 

ducing t h a t  current . .  By knowing the  o v e r a l l  capaci tance  on the  chamber', 

they were a b l e  t o  determine W with  t h e  same accuracy a s  Jesse.  The r e -  

s u l t s  published by the  two i n v e s t i g a t o r s  were i n  e x c e l l e n t  agreement. 

Measurements were a l s o  made by Bortner and ~ u r s t ~  a t  Oak Ridge 

National l abora to ry .  The charge, produced by 2 3 9 ~ u  alpha p a r t i c l e s  i n  

a  p a r a l l e l  p l a t e  i o n i z a t i o n  chamber, was measured by determining the  .: 

vol tage  change on an accura te ly  ca l ib ra ted  capac i to r  i n  s e r i e s  wi th  a 

poteniometer and an e lec t rometer  a s  a  n u l l  de tec to r .  They .used highly 

pur i f i ed  gases i n  t h e i r  experiments and examined the  e f f e c t s  of impur- 

i t i e s  on various gases. A discussFon on the  e f f e c t s  of impur i t ies  on 

gases w i l l  be described i n  the  Theory sec t ion .  

Kemochi7 repor ted  W f o r  alpha p a r t i c l e s  i n  Rossi-type T.E. gas 

as 31 .19 .1  eV/ion pa i r .  His procedure was a modif ica t ion  of ~ e s s e ' s  

method. Instead of a  s t r i p  cha r t  recorder ,  he used a peak holder  

and a multichannel analyzer  to.  s t o r e  pulses. He compared the  mean 

value of pulse  lieiglit speclra from alpha p a r t i c l e s  i n  each gas, us ing  a 

24 1 coll imated Am source,  wi th  n i t rogen  a s  the  reference  gas. 
- 3 -  



A recent survey on W-values.for alpha particles,in a variety of 
. . 

8 
gases was made by Myer .. Although his.tabulation is extensive, no 

W-value for,alpha particles in Rossi T.E. gas is presented. Table 1 

lists previously published W-values for alpha particles .in the gases 

examined in this research, The weighted mean is a composite value 

calculated, by ~ h ~ ~ , e ~  from the results of the listed e~perim~nters; 

In the research 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 methaneestablishesalevel of confidence used to 

estimate the accuracy of the W-value determined.' for T.E. gas. 

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

Kossi 
Researcher E2-.. 9- Argon T.E. 

Valentine & 36.05.7 
Curran (10) 

Jesse & 36.6 
Sadauskis (11) 

Sharpe (12) 36.49.4 

Haeberli, . 36.3i0.15 
e t  al. (13) 

Biber, et al. (14) 36.59.15 

Rnrtner 36.39.4 
& Hurst (6) 

Jesse (4) 36.395.07 

Bay, et al. (5) 36.389.07 

Gen in (15) 36.6M.5 - 
Kemmo ch i (7) - 
Weighted Mean (9) 36,399.04 



11. Theory: 

A. Ion iza t ion  and E x c i t a t i o n  

When an ion iz ing  p a r t i c l e  passes  througll a '  gas, p a r t  of i t s  en- 

ergy i s  l o s t  i n  ion iz ing  t h e  gas. The r e s t  i s  consmed i n  non-ionizing 

processes (e.g., e x c i t a t i o n ) .  Because energy i s  l o s t  i n  non-ionizing 

processes,  the  energy requi red  t o  form an ion p a i r  w i l l  be g r e a t e r  than 

t h e  ion iza t ion  p o t e n t i a l  f o r  a  p a r t i c u l a r  gas. The energy expenditure 

t o  form a n ' i o n  p a i r  v a r i e s  from one atom t o  the  next  and f o r  most cases  

t h e  number of  ion  p a i r s  is  l a r g e ,  so t h a t  an average value i s  useful .  

16 The parameter W i s  defined a s  the  average energy spent  t o  form an ion  

pa i r .  

Where N. is the  number of i o n  p a i r s  formed wnen the  energy, E ,  of the  
1 

p a r t i c l e  i s  completely absorbed. 

~ la tzman"  developed the  energy-balance equat ion ,  which described 

the  processes involved i n  energy l o s s ,  f o r  the  case of helium: 

where 

E = t o t a l  charged p a r t i c l e  energy 

Ni 
= number of idn  p a i r s  

- 
% = average energy expended t o  form a n  i h i z ~ r i  atom 

N .= number of exc i t ed  atoms produced ex 
- 

E = average energy expended t o  cause exci ted  atoms 
e x  
- 
€ = average k i n e t i c  energy of sub-exci ta t ion  e l e c t r o n  



Equations 1 and 2 when combined de f ine  W a s :  

Platzman suggested t h a t  the  magnitude of W be evaluated r e l a t i v e  t o  the  

i o n i z a t i o n  p o t e n t i a l  I. He found, f o r  the  noble gases,' w/I i s  c l o s e  t o  . '  

1.7, whereas f o r  i o l e c u i a r  gases inc luding hydrogen W / I  l ies between 2.1 

and 2.6. The r a t i o s  a r e  higher f o r  molecular gases because energy i s  

t r a n s f e r r e d  t o  molecular p o t e n t i a l  energy and the  higher .p robab i l i ty  o f '  
. . . . 

m u l t i p l e  e l e c t r o n  t r ans i . t ions .  

B. Gas Impur i t i e s  

There a r e  two known processes by which impur i t i e s  cause a decrease 

i n  t h e  measured W-value. 

(1) The J e s s e  e f f e c t  ( ion iza t ion  ,of impur i t i e s  by exci ted  atoms). 

J e s s e  and sadauskis l l  found t h a t  small  amounts o f  argon (0.1 mole I )  i n  

helium and neon decreased the  measured bi-value by 30%. .is e f f e c t  i s  

caused by an energy t r a n s f e r  from t h e  exci.ted a t m s  t o  argon, and bc- 

cause t h e  i o n i z a t i o n  p o t e n t i a l  i s  lower f o r  argon than f o r  neon. o r  

helium, more i o n i z a t i o n  is  produced. 

(2) Ion iza t ion  of impur i t i e s  by sub-exci ta t ion  e lec t rons .  

E ~ ~ C ' L L : U I I S  UI IrnpurirIeS w i t h  lower binding energy than the  lowest . .  , 

p o s s i b l e  e x c i t a t i o n  p o t e n t i a l  of the  parent  gas,  can be ionized'. 

C. Gas Mixtures 

Many types  of i o n i z a t i o n  chambers c u r r e n t l y  i n  use employ a 

mixture o f  two o r  more gases t o  achieve t h e  des i red  opera t ing  charac ter -  

i s t i c s .  Bortner  and ~ u r s t ~  inves t iga ted  t h e  e f f e c t  on W f o r a  mixture 

of gases. They found t h e  W-value f o r  a mixture of two gases i s  given by:' 



where Z = p1/(pl+ap2), pl, p2 = partial pressures of the two gases in 

the mixture and a is an empirically determined constant for each 

mixture, 

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

slightly by strickler18 for three gases as follows: 

pi,pj = partial pressures of the gases i and j respectively; 

f is also an empirically determined constant. 
ij 

Strickler assumed that, 

'ki 

where i, j and k refer to any three gases. 

~emochi' expanded equation ( 5 )  to a mixture oi more than two 

gases. 

By comparing the ciiculated and measured W-values for a variety 

of gas mixtures he demonstrated the validity of equation (7). If the 

presence of a secondary gas does not contribute ionization to the 

primary gas, then equation (7) can be employed to find the effective 

W of the. mixture. 
6 



D. Recombination 

When a charged p a r t i c l e  passes through a gas,  p o s i t i v e  and nega- 

t i v e  . i ons  . a r e  formed. A f t e r  a period of time, i n  the  absence of an , 

e l e c t r i c a l  f i e l d ,  the  ions  w i l l  recombine. Recombination i s  the  pro- 

c e s s  by which ions  of  opposi te  charge n e u t r a l i z e  themselves. Thomson 
3 

a t  t h e  ~ a v e n d i s h '  Laboratory was the  f i r s t  t o  study the  l o s s  of  ions  by 

recombination. Since t h a t  t ime,  var ious  a spec t s  of .recombination have 

been inves t iga ted  under a v a r i e t y  of condftinn.s. A thorough reference  

t o  the  various types of reaombination under d i f f e r e n t  coiidiLions i s  

given by, Loeb. 
19 

Under t h e  opera t ing  condi t ions  o f  t h i s  experiment two types  of 

recombination, columnar and volume, were dominant. 

(1) Columnar Recombination. 

Bragg and ICleemanP0 i n  t h e i r  experiments on the  range and ion iza t ion  o f  

a lpha  p a r t i c l e s ,  not iced  t h a t  i t  was more d i f f i c u l t  than p r e d i c t e d ' t o  

achieve  s a t u r a t i o n  c u r r e n t  i n  t h e i r  ion iza t ion  chamber. Their explan- 

a t i o n ,  although erroneous,  was based on t h e  assumption of  an i n i t i a l  

\ 
recombination e f fec t ' ,  whereby ions o r i g i n a t i n g  from t h e  same molecules 

r e u n i t e .  MoulinP1 demonstrated t h a t  what Bragg and  leem man observed 

was no t  i n i t i a l  recornbinat.ion, but t h e  r e s u l t  of ions  belonging t o  the  

same 'calum' (alpha p a r t i c l e  t r ack)  recombining. He a l s o  suggested 

t h a t  t h e  ions  were no t  d i s t r i b u t e d  uniformly. Around the  same time, 

~ a f f e 2 ~  developed t h e  theory o f  columnar i o n i z a t i o n  and recombination. 

He suggested t h a t  i o n i z a t i o n  of a gas by an alpha p a r t i c l e  occurs i n  a 
. ,  ' 

r e s t r i c t e d  region (column) .along t h e  alpha p a r t i c l e ' s  path. He assumed 

t h a t ,  i n  the  i n i t i a l  i o n i z a t i o n  along the  path, the  ion  d i s t r i b u t i o n  i s  

very dense and d e c l i n e s  r a d i a l l y  i n  a Gaussian d i s t r i b u t i o n  from the  

- 8 -  



axis of the column. Columnar recombination is defined as, the recornbina- 
. . 

tion that occurs between the ions distributed within the' same column. 

Under normal circumstances the true saturation current cannot be . , 

measured even for very large fields. Before the ions.can be drawn out . 

of the column, some will diffuse and be lost by recombination. 

(2) Volume Recombination. 
. . , . .  . . .  

Basically, volume recombination occurs between the ions of different . . . . . .  . . . 

tracks. A theory was developed by Thomson that would describe the total 
. .. . . 

saturation curve. He developed differential equations describing the 
. . 

3 motion of ions under the influence of an electric field. Thomson rea- 
, . .  . . 

,soned that the number of ions, n, that are lost by recombination per 
. . :. - . . 

unit time is proportional to the square of the number present, in a 
. . . 4 . .  I . . . . 

given volume. 

where a is defined as the recombination coefficient. Many theoreticians 

and experimenters have :improved, upon'~homson's initial differential 

equations.. A .complete history of the development of these equations 

2 3. 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) I, is employed. The fractional recombination is therefore: 

To find current produced for an infinite field, a method similar 

to Zan~tra'6,~~ first published by ~ e s s , ~ ~  is employed. The procedure 

is described in the section on experimental methods. 

- 9 - 



111. Experimental Methods: 

A. Apparatus ' 

The ionization chamber used in this experiment was originally de- 

signed by for LET studies of heavy ion beams at reduced pres- r 

sures. The physical construction of the chamber was described in de- 

tail by Vanna and ~aum.*~ For the purpose of this research, the chamber 

was modified slightly to measure W for alpha particles in a variety of 

gases. It consisted of a.cylindrica1 aluminum ionization chamber, 
\ . . 

1 meter long with a diameter of 30 centimeters (see.Fig. 1). Parallel 

r6 the =entral axis of the chamber was a segmented cylindrical brass 

collecting electrode. The electrode contained 6 segments, each 15 cm 

long, supported on a ground electrode. Selection of the desired seg- 

ments was made 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. . 

Batteries (two Everready 300V) 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 current resulting .from collection of-ions within -the chamber 

was measured with the aid of a vibrating reed electrmeter (Victoreen 

Model 4758) over the range of t o  atuperas. It had o lot4 in- 

put fapacitance (25 picofarads) and a high input impedance (10'' ohm). 

The amplified current,was converted to pulses using a current digitizer 

(Ortec Model 439). This instrument .produced square wave pulses of +5 

- 6 
volts, 500 nanoseconds wide corresponding to each 10. coulombs of 

. . "  

charge collected. The pulses were stored in a multichannel analyzer 
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(TMC Model 404) opera ted  i n  a m u l t i s c a l e r  mode, Pulses  were s t o r e d  i n  

one channel  f o r  .a s e l e c t e d  l e n g t h  of  t ime, then  a  channel  advance pu l se  

from t h e  dual t i m e r i g a t e  (Canberra Model 1776) s i g n a l s  t h e  ana lyze r  t o  

advance one channel.  The t iming  i n t e r v a l ,  u s u a l l y  60 minutes ,  was con- 

t r o l l e d  by a  c r y s t a l  time base  c lock  which was a c c u r a t e  t o  0.0005"/,ver 

t h e  o p e r a t i n g  temperature range  of  0  t o  5 0 ' ~ .  F i n a l l y ,  t h e  number o f  

p u l s e s  s t o r e d  i n  t h e  mul t ichannel  ana lyze r  was p r i n t e d  o u t  w i t h  a  paper 

type  p r i n t e r  (TNC Node1 500). 

The chamber was evacuated overn ight  t o  5 m i l l i t o r r  and was f i l l e d  

w i t h  t h e  gas under i n v e s t i g a t i o n  and pumped down t o  30 m i l l i t o r r  f i v e  

t i m e s  be fo re  each measurement. This  p roces s  was followed t o  reduce any 

p o s s i b l e  contaminat ion from t h e  i n s u l a t o r s  and w a l l s  of t he  chamber.' 

To have maximum a lpha  p a r t i c l e  range and a  minimum of i on  recombina- 

t i o n ,  gas  p re s su re  was ad jus t ed  t o  cause t h e  range t o  be s l i g h t l y  l e s s  

t h a n  15  cm. This was t o  i n s u r e  t h a t  no energy was l o s t  t o  t h e  w a l l s  of  

t h e  chamber. This  range l i m i t a t i o n  of  t h e  a lphas  was insured  by making 

c e r t a i n  t h a t  no . cu r r en t  was produced' i n  t h e  second 15  cm e l e c t r o d e  seg- 

ment above t h e  background c u r r e n t .  

The gases  examined were (1)  u l t r a  pure n i t r o g e n  (99.996%), (2) meth- 

* ane  (99.0%), (3) argon (99.998%), (4)  t i s s u e  equ iva l en t  gas (64.4% 

methane,, 32.44 C02 a i d  3.2% N2) .  h e  a c t u a l  p a r t i a l  p r e s s u r e s  f o r  

T.E. gas  found i n  t h i s  s tudy  a r e  g iven  on page 36. Gas samples were 

analyzed f o r  i m p u r i t i e s  by t h e  Brookhaven Bat iona l  Laboratory A n a l y t i c a l  

Se rv i ces  Sec t ion  us ing  mass spectroscopy.  

Nitrogen was s e l e c t e d  a s  t h e  r e f e r e n c e  gas  f o r  v a r i o u s  reasons .  

t 
Spec i f i ed  by Flatheson Gas Products ,  E.  Rutherford,  N.J. 



Nitrogen has a low recombination c o e f f i c i e n t  which makes s a t u r a t i o n  

e a s i l y  a t t a i n a b l e ,  and t h e  W-value f o r  n i t rogen  i s  widely accepted a s  

36.39 + - 0.04 e ~ / i o n  pai r .9  The n i t rogen  used was of u l t r a  high p u r i t y  

grade. According t o  t h e  a n a l y s i s  a t  Brookhaven National  Laboratory (BNL) 

impur i t i e s  accounted f o r  50 ppm (pa r t s  per  m i l l i o n ) .  The e f f e c t  of 

t h i s  amount of  impuri ty was negl5gible s ince  impur i t i e s  i n  the  published 

d a t a  wcrc 100 ppm, 

An americium-241 (T+ - 458 years) alpha suuucr w l C l l  a meas~lred 

energy -, . peak of  5.40 MeV was employed. The 241~rn was e lec t rodeposi ted  

on a s t a i n l e s s  s t e e l  d i s c  measuring 1.5 cm diameter. The source 

s t r e n g t h ,  determined wi th  a l a r g e  a rea  Au-barrier type S i  d e t e c ~ o r ,  was 

5 2 8 1.93 x 10 d i s i n t e g r a t i o n s  per  minute per  2n: Absolute d i s i n t e g r a t i o n  

r a t e  was not important s i n c e  measurements were made by the  comparison 

method. The source was posi t ioned on the  i n s i d e  cen te r  of t h e  chamber 

end p l a t e .  No co l l ima to r  was used because it would have g r e a t l y  r e -  

duced t h e  i n t e n s i t y  of t h e  source which would have r e q ~ i i r e d  lnnger oh- 

s e r v a t i o n  times t o  produce t h e  same accuracy. 

B. Ca l ib ra t ion  of  Equipment 

Before each measurement, o c a l i b r a t i o n  check o f , t h e  e lec t rometer ,  

c u r r e n t  d i g i t i z e r  and mult ichannel  analyzer  was made us ing  a standard 

c u r r e n t  source (Victoreen Model 475-429, S e r i a l  276). The expected 

-11 c u r r e n t  produced by t h e  standard was 1.09 x 10 amperes tl%. The 

purpose of t h e  c a l i b r a t i o n  check was t o  insure  t h a t  t h e  system was 

s t a b l e  and t h a t  no d r i f t  i n  the  e lec t rometer  o r  i n  t h e ' a s s o c i a t e d  

e l e c t r o n i c s  was t ak ing  place. 



C. Saturation Characteristics 

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 current expected for an infinite field. For current I and voltage 

V, one plots I/v vs. I and extrapolates as V -t =, I/v + 0.2~ The ex- 

trapolated'value would be the current collected for an infinite field 

strength. This method to correct for ion recombination is similar to 

24 
that of Zanstra, who suggests plotting 1 / ~  vs. 1/1 as V -+ 3. The re- 

sults of these extrapolations are identical except that by using Hess' 

method Im is extrapolated directly. A least squares fit2' was applied 

to the linear portion of the extrapolation curve (5 highest voltage 

.points) and a linear regression was used to calculate the intercept and 

its uncertainty.30 This method of finding the intercept was used to re- 

duce the ~ossible 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 magnitude of uncer- 

tainty in the intercept. Current produced at each voltage was divided 

by the extrapolated current (I-) to produce relative saturation curves 

for each gas for both polarities. 

IV. Results and Discussion: 

A. Determination of Optimum Conditions 

In order to achieve optimum conditions for measuring W, it was 

necessary to stop essentially all of the alpha particles within the 

first 15 cm electrode segment of the chamber and at the si lul t!  t i u ~ r  

reduce ion-recombination as much as possible. The optimum range of 

- 15 - 



t h e  a lphas  was determined by a d j u s t i n g  the  pressures  i n  t h e  chamber. 

Fig.. 3 shows experimental s a t u r a t i o n  curves a t  various pres,sures i n  a i r .  

Decreasing t h e  pressure  from 7 6 0 . t o  200 Torr caused s a t u r a t i o n  t o  be 

a t t a i n e d  a t  a. lower vo l t age  and a  g r e a t e r  cu r ren t  was co l l ec ted ,  which 

ind ica ted  recombination was being minimized. 'Reducing the  p ressure  

f u r t h e r  showed a  decrease  i n  c u r r e n t  because energy was Seing l o s t  t o  

t h e  w a l l s  bf t he  chamber. A t  p ressu res  4100 Torr,  and voltages X 0 0  

vo l t s ,  e l e c t r i c a l  a r c i n g  occurred between the  chamber wa l l  and the cen te r  

e l ec t rode .  For each gas under i n v e s t i g a t i o n ,  a  s i m i l a r  r o u t i n e  was 

performed t o  insure  optimum condit ions.  

Sa tu ra t ion  c h a r a c t e r i s t i c s  of t h i s  chamber f o r  each gas were de- 

termined f o r  both p o l a r i t i e s  a t  pressures  from 100 t o  760 Torr. Higher 

c u r r e n t  was c o l l e c t e d  us ing negat ive  p o l a r i t i e s  because a f ' g a s  ampl i f ica-  

t ' ion by e l e c t r o n s  acce le ra ted  by the  applied e l e c t r i c  f i e l d .  For the  

same f i e l d  s t r eng th ,  p o s i t i v e  ions  caused l e s s  a n p l i f i c 2 t i o n  because of 

t h e i r  g r e a t e r  mass and r e s u l t i n g  lower ve loc i ty .  It was decided from 

. t h i s  prel iminary experiment t h a t  cu r ren t  formed by p o s i t i v e  ions was t o  

b e  used t o  determine W. 

B. Recombination Correct ions 

A t  t he  des i red  pressure  and vol tage  f o r  each gas, 2 f r a c t i o n a l  r e -  

combination c o e f f i c i e n t  was measured and used t o  currect f o r  c u r r e n t  
\ 

l o s t  by recombination. Employing ~ e s s '  method, *' a s e r i e s  of curves ,  

a s  shown i n  Figs. 4 and 5 ,  was used t o  c o r r e c t  f o r  recozbinat ion ,  F i g . 4  

shows the  o v e r a l l  shape of the  ex t rapo la t ion  curve (I vs, I /V)  f o r  posi- 

t i v e  and negative ions  i n  n i t rogen a t  200 Torr. It can be seen t h a t  

h igher  cu r ren t s  r e s u l t e d  from the  c o l l e c t i o n  of negative ions.  The 

- 16 - 
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Figure 4. Total extrapolation curves with outer 
chamber wall positive and negative. 



curves become l i n e a r  a s  I /V -t 0 and i t  was i n  t h i s  region the  curves 

were ext rapola ted  t o  f i n d , t h e  cur ren t  t h a t  would be expected f o r  an 
. .. 

i n f i n i t e  e l e c t r i c  f i e l d .  

An expanded view of t h e  l i n e a r  por t ion  of the  extrapola ' t ion curve 

i s  shown i n  Fig. 5. Solid and open po in t s  represent  negative and 'posi- 

t i v e . p o l a r i t i e s  respect ive . ly . ,  Error  b a r s  s i g n i f y  one standard dev ia t ion  

from thc  mean of  t h r e e  separa te  measurements. The s o l i d  l i n e s  represent  

l e a s t  square f i t s  and a r e  ext rapola ted  t o  T / v  0 .  Because of the  s i m -  

i l a r i t y  of the ex t rapo la t ion  cilrves f o r  each gas inveet igs tcd ,  only the  

n i t rogen d a t a  have been' shown f o r  i l l u s t r a t i v e  purposes. 

Resul ts  of the  ext rapola ted  cur ren t s  and t h e i r  standard dev ia t ion  

a r e  summarized i n  Table 2. In  each case ,  the  current  f o r  negat ive  i o n  

c o l l e c t i o n  was h igher  than t h a t  f o r  p o s i t i v e  ions. The valnes i n  Table 2  
. . 

were used t o  f ind  the  f r a c t i o n a l  recombination (Eq. 9)  and a l s o  t o  con- 

s t r u c t  r e l a t i v e  s a t u r a t i o n  curves. 

Table 2. C U W N T  AND ITS STANnARD DEVIATION 
EXPECTED FOR A N  INFINITE FIELD 

Expected Current (x10-l1 . amps) 

I, (+> Ice(*) 

T.E. .7.492 + 0 - Q O R  7.526 + 0.006 

Rela t ive  s a t u r a t i o n  curves (111, vs. vol tage)  f o r  each gas a r e  shown 

i n  Fig. 6 f o r  the  pressures  used. The f r a c t i o n  of ions  co l l ec ted  a t  

var ious  vol tages  f o r  each gas a r e  summarized i n  Table 3 . .  



Figure 5. Expanded extrapolation curve in the linear 
region as I/V approaches zero for nitrogen. 

VOLTAGE 

Figure 6. Relative saturation curves (1/I=vs. Voltage) 
for each gas investigated. 



Table 3 .  EU%L!TI-7E SAmJRATION (I/I,) FOR EACH GAS 
AT JAIRIIIUS VOLTAGES AT TIE PRESSURES USED 

Gas & 
Applied Voltage (Vol t s )  

P o l a r i t y  -. - 150 200 250 300 3 50 400 

N T.E. (+) 
0 

0.9919.002 0.9953.003 0.995+0.001 0.996+0.002 0 .9979.001 0.998+0.001 

7'; 

U n c e r t a i n t i e s  a r e  one E tandird d e v i a t i o c  l i m i t s  



The fraction of ions lost to recombination was higher (-.3%) for 

positive than negative ions in nitrogen and argon. With T.E. gas it 

was just the opposite, and for methane the values were approximately 

the same. At saturation voltages (200 to 400 volts), recombination 

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 Experimental Methods. Current was 

, collected over periods ranging from 15 to 100 hours. Data collected 

during each hour represented one measurement. 

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 decreases correspond to start-up and shut- 

down procedures of those facilities. An increase of 6 p~/hr above 

natural background produced a 0.4% increase in current measurements. 

The upper curve of Fig. 7 shows data from a typical measurement made 

when both the HFBR and AGS were operating continuously. All successive 

measurements were made under conditions similar to those. found in the 

upper .curve. 

To insure reproducability, measurements were repeated three times 

for each gas, each measurement being separated by an interval of two 

weeks. The results for each La; are listed in Table. 4. ~ v e r a ~ e  cur- 
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Figure 7 .  Typical measurements when background was 
constant and when background was changing. 



r e n t s  correc ted  f o r  background and percent  s a t u r a t i o n  a r e  repor ted  a s  

' 31 
mean values  and associa ted  standard e r r o r .  The average c u r r e n t ,  of 

t h e  three.measurements f o r  each gas,  was compared t o  t h e  average cur ren t  

produced i n  n i t rogen and i t s  previous ly  published W-value t o  determine W. 

, Rat ios  of the  cu r ren t  produced i n  each gas t o  the cu r ren t  produced 

i n  n i t rogen  a r e  l i s t e d  i n  column 6. I,£ a  more prec ise  W-value f o r  n i t r o -  

gen can be ' found,  these  r a t i o s  can be employed t o  ca . lcula te  W f o r  each 

gas t o  a  b e t t e r  p rec i s ions ince  about 5 0 h f  the  l i s t e d  uncer t a in ty  i s  due 

t o  uncer t a in ty  i n  t h e  previously published 'w-value f o r  n i t rogen.  
' 

The W-values ca lcula ted  f o r  each measurement plus t h e  ca lcu la ted  

mean of  t h e  t h r e e  measurements a r e  l i s t e d .  i n  column 7. ~ a c h  determined 

W-value has an  uncer t a in ty  of  about 0.1 t o  0.2%. Deviations w i t h i n  a 

s i n g l e  day were no g r e a t e r  than 0.05%. There was very good agreement 
. .. 

between measurements from day t o  day, except f o r  the  s i n g l e  case of 

argon. The maximum dev ia t ions  were 0.34% f o r  argon, 0.06% f o r  methane, ,: 

0.16% f o r  T.E. gas and 0.09% f o r  n i t rogen.  One value of  argon f a l l s  

j u s t  o u t s i d e  the  95% (20) confidence l e v e l  of the  mean value. Fig. 8 

shows a t y p i c a l  frequency d i s t r i b u t i o n  of cu r ren t  co l l ec ted  f o r  100 

hours. A Chi-square t e s t  was used t o  determine the  p r o b a b i l i t y ,  f o r  

repeated  observat ions ,  t h a t  d e v i a t i o n s  g r e a t e r  than lo from the  normal 
. . 

d i s t r i b u t i o n  would occur. The p r o b a b i l i t y  t h a t  a  measurement would show 

a g r e a t e r  dev ia t ion  was ca lcu la ted  a s  27%. Therefore, i n  3 out  of 10  

s i m i l a r  olsserva t ions a greater f l u c t u a t i o n  (lo) c6uld be observed .. It. 

i s  bel ieved t h a t  the  except ional  argon r e s u l t  mentioned above was wi th in  

t h e  l i m i t s  of  t h i s  s t a t i s t i c a l  unce r t a in ty .  
, . . . 



Table 4. EXFERIMENTAL RESULTS 

Gas -. 

f12 
11 

Rossi 
T.E. 
, I t  

I 1  

P-pplied 
Potential 

.Numbe.r of 
* 

Avg. Ion Current Xatio of Current 
Observations (10-11 amps) ' - to Ni Current 

*** 
6C 6.33765.0008 - 

. .  48 6.3269+0.0011 - . . 

641 6.3314+0.0009 - 
mean 6.3320&0.0025 - 

. . . mean 7.5008_+0.0061 0.8442+0.0008 - 

. . nean 7.92345.003 0,7992fl.0004 

mean 8.76279.014 0.7226+0.0010 

* Corrected for background and % saturation. 
+r>k Extrapolated to voltage 

~ c *  Niimber of points in extrapolation 
~oWW* Errors are standard errors 
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Figure 8. Typical frequency distribution of current measurements 
showing mean value and associated standard deviations. 



D,. .Gas ~ n a l ~ s i s  

Actual ana ly s i s  of t he  gases inves t iga ted  i n  t h i s  research . repor ted 

by the  Analyt ical  Services  Sect ion were : 

Rossi  type TOE*: CH4 64.6% 

C02 
32 -4% 

N2 
2.7% 

C2H6 ' 0.28% 

O2 0.02% 

pius some t r ace  organics 

A r 0.009% 

other  organics 0.02 - 0.03% 

Since t he  impuri t ies  i n  the gases did not contr ibute  t o  the  Jesse  

e f f e c t ,  S t r i c k l e r ' s  modified equation (Eq. 7) along wi th  t he  above 

values were used t o  ca l cu l a t e  W f o r  each mixture of gases. The calcu-  

l a t ed  values a r e - l i s t e d  i n  column 3 of Table 5. 
. . 



Table 5. COMPARISON OF W-VALUES. (e~lion pair) 

Experimental Gas Mixture Published 
Ga s - Result Formula Values 

- 36.35 36.39+0.04 9 
N2 

T.E. 30.7250.04 30.83 31.1+0.1. 
7 

E. Comparison of W-Values 

W for methane and argon are in excellent agreement (better than 

0.1%) w,ith calculated and previously published W-values, 'Tnis was an 

indication of the reliability of this technique for precise determina- 

tions of W. There was slightly less agreement (0.3%) between experi- 

mental and calculated W-values for T.E. gas. The experimentally deter- 

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 agreement with the values pre- 

dicted by ~trickler's equation. 

F. Error Analysis 

The total error i.n the determination of W was estimated to be 

about 0.2%. The various sources of error are summarized in Table 6. 



Table 6. SUMMARY OF ERRORS 

Source Estimated Error (%) 

Electrometer reproducibi.lity 0.05 

Voltage determination 0.01 

Extrapolation (includes above) 0.1 

Reference value 0.109 

~ v e ~ a ~ e  repruducibilirp error 0.1 

Tutal uncertafnfy 0.18 

~ o t  included in Table 6 was the uncertainty (+0.1%) - in the output 

of the current calibration source. Because determinations were made by 

comparisons of currents, any such systematic error in the absolute 

current calibration .was cancelled out. ,The variations in the measured 

current from the standard source is included in the above reproducibility 

errors. , 

The largest sources of error were the extrapolated current (0.1%), 

reproducability (0.1%). and the uncertainty in the re'ference value fur 

nitrogen (0.1%). Uncertainty in the extrapolated current was calculated 

using analysis bf variance30, for the 5 points on the curve. Variations 

from the least squares fit, for each point, were reflected is the un- 

certainty of the extrapolated value. The average deviation in the re- 

producability for determining W was d.'~%. The largert variation from 

the mean value was the single measurement for argon which was 0.34%. 

V. Conclusion: 

The W-value for T.E. gas determined in this' study was 1.2Xlower 

than the value published by Kemmochi, and shows better agreement with 



: t h e  predic ted  value  obtained us ing S t r i c k l e r ' s  equation. This lower 

va lue  w i l l  r e f l e c t  a propor t ional  inc rease  i n  the  ca lcula ted  dose de- 

l i v e r e d  t o  a t i s s u e  equivalent  i o n i z a t i o n  chamber. 

The automatedtechniques employed i n  t h i s  s tudy reduce the  time 

required t o  analyze t h e  da ta  without  s a c r i f i c i n g  prec is ion .  The excel-  

l e n t  agreement (0.1%) between t h e  previous ly  published values f o r  

methane and argon, and those found i n  t h i s  s tudy demonstrates the  

r e l i a b i l i t y  of t h i s  method f o r  rou t ine  p r e c i s e  determination of W. 
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