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Design data for free-air chambers measuring cobalt-60 a nd cesium-137 gamma rays in 
roentgen s a.re prese nted: It has been shown that t ho Jatfc-Zanstra method of obtain ing 
t he . saturatIOn current IS adequate for a ll' pressures of about 4 to 12 atmospheres. Also, 
rad IatIon measurements of t he gamma rays from cobalt-60 and cesium-137 made by a cavity 
chamber and a free-air chamber agree to within the experimental errors. 

1. Introduction 

The standard instrument for measurement of 5 to 
500 lev X-rays in roentgens is the free-air chamber 
[1 ].1 Both free-air chambers [2, 3, 4] and cavity 
chambers are used for measurement in roentgens 
of the gamma rays from radium, cobal t-50, and 
cesium-137. Kaye and BinIes [2] used both methods 
to measure the same source of radium and obtained 
agreement to the order of 1 percent between the two 
results. However, Taylor and Singer [3] have since 
pointed out that the free-air chamber measurements 
by Kaye and Binks were too low by the order of 
2 percent because of inadequate plate separation. 
Ionization from scattered photons, for which no 
correction was made, may have compensated for 
part of this elTor. This contribution was not meas­
u~'ed either by Kaye and Binks or by Taylor and 
Smger. On the other hand Attix and Ritz [5] have 
indicated that the cavity-chamber measurements of 
Kaye and BinIes require a n~ percent correction for 
chamber wall attenuation. An additional possible 
source of error, inadequate guarding of the collector 
region, has been pointed out [5] for free-air chamber 
measurement of low-energy X-rays. Preliminary 
estimates of t his effect on t he radium [3], cobalt-
50 [4], and cesium-1 37 [4] measurements indicate 
that the dose rates given there may be up to 5 per­
cent low. Thus, there is not yet an unambiguous 
comparison of the two methods. 

At the present time, neither type of instrument is 
designated [1] as the standard instrument in the 
million-volt region. The ultimate selection of one, 
largely hinges on their individual capability of abso­
lute accuracy. Therefore, measurement of the ex­
posure dose rate of the same radiation sources by 
the two methods and an analysis of the factors 
affecting the accuracy seems desirable. Oobalt-50 
and cesium-137 gamma-ray sources have already 
been measured in this laboratory by cavity-chamber 

I Figures in brackets indicate the literature references at the end of this paper. 
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methods and an analysis of the accuracy has been 
performed [5]. Similar treatment is needed for the 
free-air chamber method and this paper describes 
such an analysis. 

One of the factors which may limit the accuracy of 
the free-air chamber measurements is the determi­
nation of the saturation current. In order to limit 
the dimensions of the free-air chamber, the ionized 
air is often at high pressure. Under this condition 
it is impossible to collect all of the ionization; one 
must rely on a theoretical extrapolation to an infinite 
value of the collecting field. 

One method of performing this extrapolation the 
Jaffe-Zanstra theory [7], has been checked' and 
verified experimentally by Taylor et al. [8] for air 
pressures of up to 10 atm. 2 According to this 
theory [7], a plot of the inverse of the collected 
ionization current versus a particular function of x 
j(x), should give a straight line and the intercept 
atj(x)=O, where the field strength is infinite, should 
give the inverse of the saturation current. Here 
x = c(V/DP)2; where V=collecting potential in volts; 
D = plate seperation in cm; P = pressure in atmos­
pheres; and c is empirically determined from the 
requirement that the inverse of the collected ionization 
versusj(x) should be a straight line. Ourves of j(x) 
versus x are available in the literature [7]. However 
3;t least two very different valu es of c have been pub~ 
hshed [8, 9]. The latter reference also recommends 
a field strength per atmosphere of at least 80 v cm- 1 

atm- 1, contrary to the earlier work [8] where fields 
of less than 10 v cm- 1 atm- 1 give data that fall on 
the straight line plot. 

A second method of extrapolation to an infinite 
field has been suggested by Kara-Michaelova and 
Lea [10]. They plot the inverse of the measured 
ionizat.ion current ver~u s the i~1Verse of the collecting 
potentIal. For suffiClently hIgh potential, a linear 
relation exists which may be extrapolated to an 

2 The authors neglected the correction for the scattered photon co ntribution . 
When such a correction is made for cesiull1-137 gamma rays, the extrapolated 
~utTent per atmosphere at 10 atm is at least 2 percent less than that at 1 atm. 
r he correction should be larger for the 3QO·kv X ·rays used for thi s test by 'l'ay lor 
et al. 
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infinite collection field. The authors also poin ted 
out the equivalence of the two methods for obtaining 
saturation curren t when the collecting potentials are 
sufficiently high. Therefore, an exploration of the 
feasibi li ty of the suggested extrapolation methods 
seems desirable for the present application. At the 
same time, it is worthwhile to obtain the radial dis­
tribution of the ionization from the primary electrons 
and from the scattered photons and the distance 
required for electron equilibrium. These are neces­
sary [11] design da ta for the construction of a free­
air chamber for measuring the gamma rays from 
cesium-137 and cobalt-60 in roentgens. 

The main objective of this r eport is, therefore, to 
carefully measure a cobalt-60 and a cesium-137 
gamma-ray source with a frcc-air chamber, and com­
pare these mcasurements with those obtained with 
the cavity chamber. With a careful analysis of the 
accuracy of each type of measurement it may be 
possible to indicate which is capable of greatest 
accuracy at the present time and therefore, can be 
designated as the standard instrumen t in the million­
volt region. However , the free-air chamber measure­
ments require an exploration of the feasibility of the 
extrapolation methods for saturation and the de­
termination of the design data necessary for the con­
s truction of free-air chambers for measuring cesium-
137 and cobal t-60 gamma rays in roen tgcns. 

2 . Experimental Arrangement 

A small beam of gamma rays from a radiation 
source is defined by an accurately known aperture 
(approximately 2 cm in diameter ) in the shu tter-

1 _4 I 

diaphragm (fig. 1). This aperture is at the end of a 
cylindrical hole parallel to, but displaced from the 
axis of the cylindrical shu tter-diaphragm. Rotation 
of the shu tter cuts off the beam and permits measure­
ment of the leakage radiation without in troducing 
a modification of the scattering condi tions. The 
beam passes first through a thin aluminum window 
(0.8 mm thick), then midway between and parallel 
to the two vertical plates of a parallel-plate ionization 
chamber , and then through a glass exit window. The 
ionization chamber is sealed inside a large tank fill ed 
with air under high pressure so that th e mass of air 
between the plates is adequate for totally absorbing 
all the cnergy of the highes t energy elec trons pro­
duced by th e beam of gamma rays. 

One of the plates of th e ionization ch amber is 
maintaill ed at a high poten tial with respect to ground 
(see sec. A- A of fig. 1); the other is divided in to 3 
collecting regions (plates marked 2, 4, 5a, 5b, 6a, 6b , 
7a, 7b, and 9) and 4 large and 6 small grounded guard 
plates (see elevation view of fig. 1). The cen tel' 
collecting region is divided into 7 separate insulatcd 
plates (marked 4, 5a, 5b, 6a, 6b , 7a, and 7b ). Each 
collector plate is separated from the adj acent plate 
by an air gap of 0.5 mm. A flat grounded plate is 
installed between the collector plates and the tank 
at about 3 em from the collector plate to reduce the 
possibili ty of ionization collection from behind the 
collector plate. 

Th e ionization to any of the collecting plates can 
be measured . During an exposure the plates which 
are not used for ionization measurement are 
ground ed. After careful alinement of the plate 
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system , th e displacement of the plane of eaeh colleeto r 
from t he adjacent guard plate is m easured . Gener­
ally, t his is less tha n 0.03 mm but in creases to as 
much as 0.1 mm very ncar the lop of plate 2 a nd th e 
bottom of pl ate 9 beeause o f warpage of these p lates. 
This causes a dis torLion o r the fleld. However, 
previous measlll'em en Ls [11 ] indicale that as Lh e 
ion ization eollected in t his latter region is small, this 
distor tion should cause no more than 0.1 pereent error 
in t he eollected ionization . 

This colleetor plate arra11gem ent provides a means 
for dete rmining th e adequacy of the plate separation 
at a given pressure and also provides a m eans for 
determining the air absorption of the gamma-ray 
beam. Wi th propel' guard ing of th e electric field , 
each plate collects ionization from a volume defined 
by t Ile plate h eight, th e le ngth of 20 .15 cm (fi g. 1), 
and the distance between the collector and high­
volLage p lates. Thus, b y observing th e r elative 
amou nt of ionizatio n collected by each of th e plates 
4 Lo 7, it is possible to determi ne if t Ile effective plate 
se paration (the product of . plate separatio n a nd 
press ure) is adequate to collect all t he iOllization 
from electrons produced in the b eam . 

The ionization current collected by plate 9 is 
smaller t han that colleeted by plate 2, due to air 
absorpt ion. Therefore, the ratio of these two meas­
mements may be used to compute the air absorp tion 
coefficient. Comparison of th ese computed values 
at the different pressures for each sOUl'ce provides 
an independent es timate of t he precision of the 
current measuremen ts . A comparison with the 
theoretical absorp tion eoefficie nt ine! icates wheth er 
t here is a differ ence in any systematic errol' between 
the curren t m easurem en ts to t he two plates. 

Guard b ars are used to assure that t he grou nded 
tank docs not distort th e -field in the collec ting r egion. 
These arc T cross sec tion aluminum bars eq uallv 
spaced between the ch amber plates a nd parallel 
to th ese. Tn order to avoid extra photo ll aLLe llu atio n 
and scattering, vertical bars ar c not used in either 
the fron t or back of the guard system where they 
might be struck by th e beam (fig. 2) . In these 
regions , fine aluminum wires are used instead of bars. 
A resistan ce network with a tap for each bar divides 
the poten tial uniformly between the high voltage 
and ground. A determination of the ability of these 
guard bars to eliminate the effect of the pressure 
tank on the electric field between a collector and the 
high-voltage plate r equires an a uxiliary experiment. 
As poin ted out previously [5,11], this is accomplish ed 
by noting th e variation in collected ionizaLion current 
as the potential of t he tank is varied. I onization 
m easurements to each of the collectors indicate no 
variation greater than ± 0.1 percent as the tank 
potential varies from ground potential up to the 
potential of the high-voltage plate. Thus, the tank 
produces no distortion of the collecting field which 
changes the collect ing volume by more than the 
precision of m easurem ent (about ± 0.1 pereen t). 
All subsequent measurem ents are performed with 
the tank at ground potential. 

FI G URE 2. A view of the bacle of the tank with the end bell 
removed showing the guard bars fO'r the cham ber. 

The ail' pressure in the tank is determin ed from the 
read ing of a bourdon-type gage a nd tlte barometric 
pressure. The gag~ is calib rated by a pis to n gage. 
an d sh ows a short-t lme (over about 2 y r) maximum 
dy if t of c~~ibration of about ± 0.2 psi a lld a 101lg­
tIme stablhty (over 8 y r) of abo u t ± 0.3 psi except 
fo r a progr~ssive zero shift (0.4 psi over 8 y r). For 
pl'ess.lIrcs of less t hfl: n 5 atm, a merc llry manometer 
a,l~o IS used . In tlus .ra !1ge , the two m ethods agree 
WIth each otlter to yy.lthm 0.2 perce ll t. F ilters and 
a n ice-eooled condenser in th e pumping system as 
well as s ilica gel on the inside of the tank, maintai n 
a low water vapor pressure. Mass spectrometric 
tests of the a ir under pressure indicate that the 
composit ion is t he same' as room air. 

Separate thermocouples arc used to test for possible 
temperature differences of the . high-pressure a.if in 
the various ion collecting regions of the tank a nd to 
calibrate a.s a function of press ure a mercul'Y ther­
mometer plaeed inside the tank ncar the exit window. 
For this test, thermoeouples arc placed at the center 
of each of the colleeting r egions as well as neal' the 
thermometer. After a short stabilizing period all 
of the thermoco uples give temperatures agre~ing 
to better than 0.2 0 C. Moreover, the calibration 
of th e thermometer at a given pressure appears to 
be eonstan t to 0.2 0 C , although its calibration varies 
by nearly 10 C over the pressure r a nge used. 
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In order to determine the ionization due to 
scattered photons, the ionization current also is 
obtained with a 10-cm diam 2-m long, Bakelite tube 
surrounding the collimated beam of photons inside 
of the tank. This tube is of sufficient thickness 
(about 3 mm) so that it stops all electrons originating 
in the air within the tube, and of sufficient diameter 
so that it is not struck by the primary beam of gamma 

r ays. 'bl d' . f hI' To r educe the POSSI e IstortlOn 0 tee ectn c 
field by the tube, colloidal graphite is painted in 
strips along the length of the tube. Adjacent strips 
are insulated from each other by uncoated tubing. 
Each of these strips is maintained at a potential 
which minimizes the electric field distortion by con­
necting it to the proper guard bars. Observation of the 
ionization from background radiation 3 with and 
without the tube in place gives an estimate of the 
field distortion produced by the tube. With the 
tube in place the current should be the same as those 
without the tube for plates 5a, 5b, 6a, 6b , 7a, and 7b . 
However, with t he tube in place plate 4 will not 
collect ionization from the area in the tube shadow, 
that is, between the tube and the high voltage plate 
and within the tube but the difference can bc com­
puted from the geometry. The measured current 
to the different collectors are in the same ratio to 
within 5 percent as those predicted from the geom­
etry . As the scattered photon con tribution is only 
2 or 3 percent of the total ionization, field distortion 
caused by the presence of the tube does not affect 
the final result. The ionization produced by elec­
trons generated by the primary photons is, within 
the precision of measurement, proportional to the 
difference between the ionization measured with 4 

and 'without this tube. 
The ionization-current measuring system consists 

of a null indicating electrometer with feedback, a 
carefully calibrated condenser , and a variable 
bucking potential provided by a potentiometer. 
Timing of each exposure is accomplished by means of 
a scaler and a 1-kc oscillator [12] . This chrono­
graph gives timing accuracies of about 0.01 percent 
for the times used here. 

Measurements are made with the shutter closed 
in order to correct for the background . As the 
shutter-closed measurement is not changed when a 
solid lead plug is inserted into the hole in the lead­
shot-filled shield, the leakage radiation through the 
shutter is negligible and the shut ter-closed measure­
m ent indicates the background. 

In addition to corrections for leakage radiation and 
air-scattercd photons, it is also necessary to correct 
for any ionization from photons scattered by the 
source shield or diaphragm. Consider any rays 
which are scattered by the source shield and then 
pass t hrough the diaphragm aperture. It may be 
shown for the geometry of figure 1 that the path of 

such rays will p ass through the collector r egions at 
distances greater than 5 cm from the axis of the 
primary beam. Thus, the ionization that they 
produce in the collecting region will be measured 
both with and without the Bakelite t ubing in place, 
and the difference in readings will not include ioniza­
tion either from photons scat tered by the source 
shield or from the air in the chamber. 

The effect of scattering from the diaphragm is 
explored by comparing the ionization current with 
diaphragms 15 cm and 22.5 cm long. 

The source holders are made as light as is consist­
ent with dimensional stability so as to reduce the 
amount of scattered radiation from them. These 
source holders fi t into the large hole in the rear end 
of the source shield. The position of the source is 
determined by observing the position of the end of 
the long rod attached to each source holder . The 
radiation is measured perpendicular to the axis of 
the 3.2 mm diam by 3.2 mm long cobalt-60 source 
and along the axis of the 4.6 mm diam by 5 mm long 
cesium-137 source. The cobalt-60 source is en­
capsulated in aluminum with a 1.6 mm thick wall 
and the cesium-137 in 1 mm thick stainless steel. 

A separate piece of equipment similar to that 
previously used [13] provides a means of determining 
the distance required for electronic equilibrium [11] . 
A grid chamber (fig. 3), made of colloidal-graphite-
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, The background radia tion is assumed to produce a uniform density of ioniza­
tion over the whole collecting region. 

4 A slig ll t correction is req uired for t he shadow cast by the tube and a larger F I GURE 3. Schematic plan view of the thread chamber and 
correction for lack of saturation. The reduction of the sca ttered photon ionization electron diaphragms. 
by photon absorption in the tu bewall is much smaller t han 0. 1 percent of the tube-
out ionization. Therefore this reduct ion can be neglected. For Simplicity the threads in each plane are drawn as a Single line. 
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coated nylon threads ('" 0.2 mm diam) in 5 parallel 
planes spaced about 1 cm apart, is placed in the 
pressure tank with the planes perpendicular to the 
gamma-ray beam. The threads in anyone plane 
also are spaced about 1 em apart. The threads in 
the central plan e form a collector at near ground 
potential, and the two adjacent planes are conn ected 
to the collecting potential. The collector plane has 
two collecting regions separated by uncoated thread 
for insulat ion . A central collecting region, which is 
coaxial with the gamma-ray beam, is about 6.5 cm 
diam (AB in fig. 3). The outer collecting region has 
an inner diameter of 8.5 cm (CE) and an outer diam­
eter of 51 cm (DF). The gamma-ray beam diam­
eter at the position of t he collector plane is abou t 
6.5 cm. Thus, tbe central collector measures the 
ionization in a cylindrical region of about 2 cm 
depth and a diameter of 7.5 cm, and the outer collector 
measures the ionization in a ring of about 2 cm depth , 
7.5 cm inner diameter and about 51 cm outer 
diameter. 

A circular electrically -condu cting Bakelite sheet 
(electron diaphragm), which is thicker than the 
range of the electrons produced by t he gamma rays 
in air, is positioned perp endicular to the gamma-ray 
beam and in front of the grid chamber. A similar 
sheet is positioned behind the chamber . E ach sheet 
has a center hole, which is slightly larger than the 
gamma-ray beam and coaxial with it , and each can 
be moved along the beam by remote co ntrol from 
outside the pressure tank. 

3. Results and Discussion 

The ionization current to each of the coll ector 
plates is measured both with and without the Bake­
lite t ube and for a variety of pressures and collecting 
potentials. D ata are obtained for five different 
pressures from 3.96 to 10 .75 atm with the gamma 
rays from cesium-1 37 and for press ures of 10.75 and 
12.27 atm for eobalt-60 gamma rays in order to 
choose a value for the Jaffe-Zanstra constan t, c. 
Wi th the Bakelite tu be in place part of the ionization 
from t he scattered photons is produced in the shadow 
of the tube and is thus not collected on plates 2, 4, 
and 9. However , the ionization produced in a ring 
about the axis of the beam decreases only slowly 
with increase of the ring radius 5. Therefore, it is 
relatively simple [14] to make a correction for this 
shadowing, and also to change from the rectangular 
coordinate system of measurement for plates 4 to 7 
to a cylindrical set of coordinates. For a given 
pressure and collecting potential, the difference be­
tween the ionization measured without the tube in 
place and the shadow-corrected determin ation with 
the tube in place is proportional to the ionization 
produced in the collecting length (20. 15 em) by the 
electrons generated by the primary gamma rays. 

, Scattering in th e source shield 0 1' colli mator migh t di stort th is monotonic 
decrease but such effects prove to be small in th e present arrangement. Correc­
t ion is st ill required fOI'lack of satnration . 

If the pressure is too low, so that some of t he 
energy of the electrons is dissipated in the plates, a 
linear extrapolation to larger r adii may be per­
formed [14] on a log-current-Ioss versus radius plot . 
For the data reported here, this extrapolation docs 
not exceed % percent. 

Data from the large range of pressures used wi th 
cesium-1 37 gamma rays permits a study of t he 
techniques for extrapolating to infinite collectin g 
fields. Figure 4 shows plots of the inverse of the 
ionization currents ,6 I , against the Jaffe-Za nstra 
parameter , j(x). Four values of c are used to obtain 
j(x) in order to determine the value of c which 
gives a straight line. The value of 1.24 X 10- 4 is 
that used by Taylor et al., [3] and by Grove [4]. 
It is seen that the point for the largest value of 
j(x) falls well below the straight line through the 
remaining points. However, for both c= 3.2 X 10- 5 

and c= 2.5 X 10- 5, all data fall on straigh t lines with 
slightly different intercepts at j(x) = 0 (infinite 
collecting field ). For c= 10- 5, the points for large 
values of j(x) fall above the traight line for t he 
remaining points . The propel' intercept on t be 1/1 
axis therefore probably lies between that obtained 
for c= 10- 5 and for c= 1.24 X 10- 4 • 
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FIGU RE 4. Sample plots of the extrapolation p1'ocedU1'e with 
cesi llm-1 37 gamma rays at a tank preSSU1'e of 3.96 atm. 

Foul' J a ffc-Zanstra type plots are indicated using different valu es of c. A 
Kara-J'I'fichaelo va and Lea type plot (marked IO/ kv) does not gil·c a straight 
line re lation. 

Also included in figure 4 is a plo t (marked 10/lev) 
of the inverse of the ionization current, I , against 
the inverse of the collecting po tential (Kara-Michael­
ova and Lea). The intercept on the 1/1 axis for 
the inverse collecting potential plot is indeterminate 
as the points do not fall on a straight line even 
for the three smallest values of 1/1, where the 
effective electric field strengths are abou t 171 , 114, 
and 85.5 v cm-1 atm- 1• 

While the uncertainty in the intercept by these 
two methods is small at this pressure because the 
extrapolation is only about Uf percent, the uncer­
tainty becomes larger at the higher pressures where 
the extrapolation is as large as 10 percent . For­
tunately, there is another criterion for choosing 
the proper extrapolation procedure. 

, Tnbe-in minus tnbe-out determ ination a fter correction for tube sh adowing. 
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The expos ure dose rate at the a Ull1l1lum window 
IS independent of the pressure 111 the tank. The 
exposure dose rate is proportional to the ionization 
current p er atmosphere extrapolated to an infinite 
field and corrected for air attenuation, I.e., to 
l oo ePdl'jP. Here 100 IS the current at infinite field 
P is the pressure in atmospheres, d is the distanc~ 
between the center of the collector plate and the 
entrance window, and f.l is the linear absorpLion 
coe~~ient of the gamma rays ill a:ir. Values of l oo ePdl'jP 
at dIfferent pressures are listed 111 table 1 for cesium-
137 gal?ma rays. These results verify the earlier 
concluslOn that a proper extrapolation is obtained 
for a value of c between l.24 X 10- 4 and 10- 5• As 
the extrapolated valu es for c= 2.5 X 10- 5 show a 
slightly smaller deviation from the average than 
c= 3.2 X 10- 5, this value is used for all subsequent 
determinations for both the cesiulll-1 37 and the 
cobalt-60 source. 

TABLE 1. lOll; ePdl' for cesium-137 

PrCSR:lre c 1.24xlO··' 3.2xlO- ' 2.5,10- ' 10- 5 

- - -

atm 
10.75 __ __ _________ --- I. 956 1. 992 2.005 2.054 
8.45; _______ _____ ___ 1. 977 1. 997 2.009 2.045 
6.70 ________ . _______ . _ 1.990 2.013 2.018 2.041. 
4.79, _________________ 2 001 2.015 2.018 2.030 
3.9& __ ___________ . ___ 1. 998 2.002 2.004 2.013 

A verage _________ __________ _____ __ 2.004± 0.008 a 2.011 ± O.006 a __ _ _ ________ _ 

a M ean cl cyintion . 

The computations of ePdl' assume that the photons 
which generate the electrons are attenuated for a 
dis~ance , d, in air. Actually, most of the electrons 
whlCh produce the ionization in the collecting region 
are generated before and a few after t he photons 
reach the collecting region. The amoun t by which 
d must be reduced because of this is the distance 
a, from the center of the collecting region t; th~ 
~lle?-n J?ositi?n of origin of the electrons producing 
IOl1lzatIOns III the collecting region. As the value 
of a is nearly a constan t fraction of the distance for 
e!ectronic cqu.ili?rium for the photon energies con­
SIdered here, It IS convenient to first determine the 
distance 7 for electronic equilibrium. These dis­
tances for the two sources may be obtained from 
the thread chamber data. 

Results obtained with the thread chamber for 
cesium-1 37 gamma rays at 6.7 atm are shown 111 

~gLlre 5 and for cobalt-50 gamma rays at 12 atm 
111 figure 6. The solid curves give the ionization 
current to the outer collector ring for different 
positions of each Bakelite sheet with the other sheet 
pos.itioned as close as possible to the collecting 
regIOn ; the dotted curves are for the ionization 
curren t to the central collector. Initially the solid 
curves rise rapidly with the distance between the 
sheet and the col.I ec~ing region, but eventually reach 
a plateau. The nse 111dlCates that electrons generated 
at larger dis tances from the collecting plane are 

7 T his distance is also ne :::essal' Y (or free air chmnber des i~ n. 
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FIG U RE 6. Data obtained from the thread charnber and cobalt-60 
gamma rays at 12 atm. 

'rhe soliel CUl"-es gh-e the ion ization current to the outer collecting ring and the 
dottcd curve to th e center electrod e. 

co ntributing to t h e ionization. The distance at 
whieh the ionization becomes constant is the distance 
for electronic equilibrium. From the solid curves it 
appears that the distance required for electronic 
equilibrium with cobalt-50 gamma rays is about 350 
cm-atm in front of the collector and about 180 
Cl.n-atm behind ~he collector . The corresponding 
dIstances for cesmm-1 37 are 90 and 50 cm-atm. 
Aglintsev and Ostromukhova [15] also obtained a 
distance of about 350 cm-atm for cobalt-50 gamma 
rays. 

The mean distance from the collecting region to 
the mean position of origin of electrons producing 
IOnization in the collecting region is, of course, less 
than the equilibrium distances. Calculations by 
Roesch [16] indicate the distance from the coll ecting 
region to the mean position of origin of the electrons 
IS abou t 0.3 times the distance for electronic equilib­
rium. Aglintsev and Ostromukhova [15] computed 



values of 0.36 for cobalt-60 and 0.34 for cesium-1 37 
gamma rays. For these distances in a free-air 
chamber they compute the transmission, K= e- pa~, 
of cesium-1 37 and cobalt-60 gamma rays to be 0.996 
and 0.992, respeetively. In a carbon-walled cavity 
chamber, because of the lower effective absorption 
coefficient there , these transmissions are 0.998 and 
0.995. These factors must be multiplied by ePd~ 
in order to obtain the atten uation of the photons 
whose electrons produce the measured ionization. 

The attenuation cofficients for the gamma-ray 
beams are computed from data obtained for plates 
2 and 9. The differenee in the currents obtained 
with the tube out and with the tube in, after cor­
reetion for the shadowing and saturation, gives the 
current produced by the primary beam. The ratio 
of the plate-2-to-plate-9 currents are given in table 2 
for different pressures with the two sources. The 
linear absorption coefficient computed from the ratio 
and that given by Grodstein f17] are also shown. 
The maximum dcviation of the compu ted absorption 
coefficient from the mean is approximately 6 percent 
and the maximum differe nce betwecn t he experi­
mental and theoretical values is also 6 percent. The 
first number illdicates t hat the precision of t llC 
current r atio is at least 0.5 percent and the second 
that the systematic erro rs if they exist for two cur­
rent determinations are equ al within thc precision 
of measurcment . As there is no reaSOll to assign 
different precisions to thc two current determinations, 
the precision of each is about 0.35 percent. 

T 11BL8 2. Ail' absol'ption coe.f!icient 

!.! 
Jl cm- I 

Source I)rcssure 
} , 

Experiment o rod stei n [17] 

atm, 

I 10. 75 1. 094 1.04 X IO-' 1. OX lO-I 
CS-131 _______________ _ 8. 45, 1. 068 O. 96X 10- ' --------------

l 6. 70 1. 057 1.0'IX I0- ' -------------
4. 79 , I. 042 1. 06X 10-' ------------ -

Co-oo .... _____ __ __ --_. 12. 27 1. 076 7. 5X 10-' 7.3X IO-; 10. 75 1. 069 7. 7X 10-' 

Possible scattering from the diaphragm is invcsti­
gated by obtaining data with both a 15 cm and a 
22 ~f cm long diaphragm. The radiation scattered 
through the diaphragm and into the chamber from 
the source holder is decreascd slightly by lengthening 
the diaphragm. However, this decrease is estimated 
to be less than 0.1 percent of the electron contribu­
tion to the ionization. Such a small decrease is no t 
observable from the t ube-out measurement as this is 
less than the precision. Large angle scattering 
from the shutter-diaphragm is considerably attenu­
ated by the steel surrounding t he entrance window 
of the pressure tank. Probably for this reaso n no 
difference is obtained in the current to plate 7a and 
7b when the diaphragm length is increased. Cur­
r ents to plates Sa, 5b , 6a, and 6b arc decreased 

slightly (0.1 % of the elect ron contribu t ion) as the 
diaphragm length is increased for the t ube-out 
measurement. There is a similar decrease for the 
t ube-in measurement. Therefore, the differences in 
the tube-out and tube-in measuremcnts are inde­
pendent of diaphragm scattering. 

From the m easured currents to plates 4, 5, 6, a nd 
7, it is possible [1 4] to compute the loss in ionization 
(electron loss) obtained beyond differ ent radii and 
also the contribution to the ionization provided by 
the scattered photons. In order to compare the 
resul ts obtained at different pressures for each 
so urce, the radii at each pressure are corrected for 
the di ameter of the gamma-ray beam [13] and for 
the density of the air. The abscissa of figures 7 and 
8 is in equivalent centimeters at 1 atm for a zero 
diameter beam. It is seen that the data of figure 7 
agree to within about ± 0.2 percent for different 
pressures and that the data of figure 8 agree to 
within about ± 0.1 percent for different pressures. 
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FIG U R8 7. The loss of ionization fl' om primary photons be­
yond dilJerent mdii Jor cobalt-60 and cesium-137 gamma mys. 
R esults h ave been correctec\ to 1 atm a nc1 for th e beam d ia meter. R esults 

w ith cesiulll·137 at 3.96 atm=[] , at 4. 797 a tm ='V; wit h cobalt-GO at 12.27 atm =0, 
at 10.75 atm =8. 

The gamma ray output, G, in roentgens per hour at 
1 m (1'hm) for each source is obtained by substituting 
num erical values in eq (1). 

(3 ,600) (2 .998) U09) l oo b2K eP(/~eo.o8~Al eI OO (HO . 40)p~ / O. OO I293 

G= '. PADL rhm (1 ) 
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FIGURE 8. Contribution of secondary photon ionization in 
percent of total primm'y electron ionization for different mrlii 
from the cesium-137 and cobalt-60 beam. 
Resu lts have been corrected to I atm and for the beam diameter. R esults 

with cesium -137 at 10.75 atm =O , at 8.457 atm = 8, at 0.70 atm =8; with cohalt -OO 
at 12.27 atm=O, at 10.75 atm=W. 

where 
3,600 =sec he\ 

(2 .998) (109)=esu of charge coulomb-I, 
I ", = ionization current in amperes pro­

duced by the primary beam in 
the collecting region, 

b= 0.871 m (see fig . 1), 
K = 0.992 for cobalt-60 and 0.996 for 

cesium-1 37, 
P = air pressure in atmospheres, 
d= distance from collecting region to 

entrance window, 133.9 cm, 
Il = air absorption coefficient in cm- I 

atin- I , 

Il AI = aluminum absorption coeffi cient in 
cm- I , 

eIOO (bto. 40)p~/ O 001293 = air absorption correction between 
source and window, 

p= densityof laboratory air in g cm-S, 
0.001293=density of air at a pressure of 760 

mm mercury and a temperature 
of 0° C in g cm-3, 

A = measured area of aperture of dia­
phragm, 3.1478 cm, 

D effective area of aperture d 
= A . W 

L =collector length (20.15 cm). 

The effective area of the aperture is greater than the 
area A because of photon leakage through the edges 
of the aperture [3]. The computed factor, D, allows 
for this leakage. 
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Table 3 gives the rhm for each of the sources com­
puted from the equation with the data obtained with 
the pressure chamber. 

T ABLE 3. Output determinations 

Source Free-air chamber Ca\" ity chamber Difference 
----------1------------1-------------------

{
(l.OO3)' 0.758 rhm ___ _ 

0.756 rhm __ _________ (1.016) ' 0.768 ___ ___ __ _ 
(1.003)' 0.753 ________ _ 

{
(l.OO7)' 2.5(. ________ _ _ 

08-137 -- __ _ _ ___ __ __ 2.6lt_ ______ _ ___ _____ _ _ (1.026)' 2.61, _____ ____ _ 
(1.013)' 2.586 ____ _____ _ 

% 
0.3 -
1.6 
0.3 

1.6 
0.3 
1.0 

aThe numbers in parentheses are the ratio of the sto pping power of carbon to 
that of air for " Bakker-Segre," HCaldwell," and "NCRP" mean excitation po­
tentials, respectively, [or each of the Sources. 

The carbon cavity chamber previously used by 
Attix and Ritz [4] is also used to measure the sources. 
The largest single un certainty in such a determina­
tion is in the stopping po"ver. Attix and Ritz have 
indicated two sets of values for the mean excitation 
poten tial to be used in the stopping power equation. 
For one set, labeled "Bakker and Segre," they give 
76.4 and 80.5 ev for carbon and air respectively; 
for the other set , labeled "Caldwell," they give 78 
and 94 .9. An analysis by a task group of the 
National Committee on Radiation Protection and 
Measurements [18] of the information presently 
available provides values of 78.4 and 85 ev for carbon 
and air respectively. The resulting stopping power 
ratios (in parentheses) obtained after taking into 
account the density correction and the outputs de­
termined from the cavity chamber data for each are 
listed in table 3. 

The emission constant of the cobalt-60 source may 
also be computed. The activity in curies is obtained 
from the measured value of Minton [19] with a radio­
active decay correction . Corrections are also appli ed 
to the values in table 2 for photon absorption in the 
aluminum capsule (l.01l ) and in the cobalt-60 
cylinder (l.030). The resultant emission constant 
is 12.73 I' cm2 mc- l h - I • The theoretical value for 
this constant is 12.9 if the average energy to produce 
an ion pair is 34.0 ev. In view of the un certainty in 
the activity determination (1 %) and the uncertainty 
in the decay correction for the four years between the 
activity and ionization-chamber determinations, the 
agreement seems reasonable. 

4 . Accuracy 

In order to assign an accuracy to the free-air and 
cavity-chamber values in table 3, i t is necessary to 
review the accuracy of each of the factors used in 
determining th e values. These factors are listed in 
table 4. 

The error for item 1 is estimated from the repro­
ducibility of individual measurements . P art of this 
fluctuation is caused by slight drifts in the collecting 
and bucking poten tials and possibly from charging 
of some of the insulators. 



TABLE 4 Possible elTors m rim determinations 

Percent efror 

Item E rrars due to 
P resslire Cav ity 
cham bel' cham bel' 

1 Ionization measurements a _________________ _ _ 
2 'rime, capacitance, and potcn tiaL __________ _ 
3 Voltage satu rat ion ___ _______________________ _ 
4 Ail' absorpt ion ____ __________________________ _ 
5 Wind ow absorpt ion ___ ____ ______________ ___ _ 

• O. 2 
. 1 

b.3 
.1 
. 1 

• 0. 1 
. 1 

<. 1 
<' 1 

6 P late separation correction __________________ _ . 1 ______ _____ _ 
7 Air pressurc ____________________________ ____ _ 
8 T emperature ___________________ ________ __ __ _ 
9 Effect ive collector length , ___________ ____ __ _ _ 

]0 Diaphragm area ________ _____ ___ __ ____ ___ ___ _ 

. 1 

. 1 

. 2 

. 1 

<. 1 
.1 

1 I Diaphragm leakage____________________ ____ __ . 2 ______ ___ __ _ 
12 Chamber volume _______________ _________ __ __ ______ __ ___ _ 
13 Diaphragm-to-source d istance__ _____________ <. 1 
14 Scattered radiation and chamber wall alter-nate ____ _______________ ______________ __ __ _____ _______ _ _ 

. 1 

.2 

. 3 

]5 Scattered photon con tri bu tion _______________ . 1 _________ __ _ 
16 E lect ron contribu tion ___ _____________________ .2 _____ ____ __ _ 
17 rc _______________________________________ ___ . 2 .2 
18 Stopping power ratio ____ ________ ____________ __________ __ .5 

• or ind ividual points . 
b Incl uding relat ive meas urement of currents for different pressures but not 

correct ion for error for item 2. 
' Includ ing fi eld distort ion. 

The timing accuracy d epends principally on th e 
difference 111 action time of two relays [12] . An 
investigation indicates that the accuracy IS about 
0.01 percent for the times used here. The condenser 
and po tentiometer are ea ch calibrated to an accuracy 
of 0.05 percent but the capacitance drifted during 
the experiment by almost 0.1 percent. However , 
it does no t seem probable that the determination of 
t he charge collected on the condenser is in error by 
more than 0.1 percent (i tem 2). 

The accuracy of the saturation extrapolation 
depends on t he adequac37 of th e J affe-Zanstra theory . 
E ach extrapolation is obtained by a least squ ares fit 
so t here is no subj ective error . The amount of extra­
polation at 3.95 atm. for cesium-1 37 IS onl~T about 
116 peJ'Cen t . However, t he constancy of (I ",e Pd~1 p 
in table 1 for cesium-137 and similar values for 
cobalt -50 (which agree to wi t hin ± 0.15%) indicates 
t ha t t he error in extrapolation is not likely to be over 
0.3 percent (item 3) . For the cavity chamber the 
extrapolation is only 0.1 percent so the uncertainty 
TIust be small compared to 0.1 percent. 

The air attenuation b etween plates 4 to 7 and t he 
source varies from about 7 percent to 17 percen t for 
cesium-137 and is about 12 percent for cobalt-50 . 
rile dis tan ce used 111 tIl e computation IS known to 
a t leas t 0.1 percent. There appears to be no accurate 
expcrimen tal determination of the absorption co­
effi cient for air alLhough the values for aluminum 
agree wi th theory to wi thin a few tenths of a percent 
for th e sources considered here. Therefore, it seems 
reasonable not to exp ect an error of more than 
0.1 percent for item 4 because the maximum correc­
tion for ail' absorption IS only about 17 percent for 
t he pressure-chamber m easurement. For the cavity­
chamber measurements , the maximum correction is 
only abou t 0.7 percent so the uncertainty III this 
. tem should be negligible. 

The absorp tion in the aluminum window of th e 
pressure charnber is of the order of 1 p ercent. It is 
difficult to im agine tha t variations in thickness, 
absorption coefficient, or composition could cause 
uncertainties of more than 0.1 percent (item 5). 

Several extrapolations for inadequate plate separa­
tion were tried . For any reasonable assLlmp tion on 
this extrapolation, the uncertainty is probably not 
more than 0.1 percent (item 5). The small variation 
with pressure indicated in figures 7 and 8 corroborates 
this . 

The density of air in the pressure chamber is de­
termined from the gage pressure and temperature 
in the tank and the barometric pressure and room 
temperature. Errors in the room pressure and tem­
perature could cause less than 0.1 percent error in 
the air density within the tank at the pressure used. 
However , as the gage could be calibrated to only 
± 0.1 psi and it was not calibrated at the exact 
pressures used, there is a possible uncertainty of the 
pressure of about 0.1 percent at the higher pressures 
(item 7) . The same uncer tainty is es timated for 
measurements below 5 atm where the mercury 
ma nometer is used. T empera ture flu ctuat ion in the 
tank as indicated by the thermocouples could not 
have caused an un certainty in the density determina­
tion of more than 0.1 percent (item 8). 

For the cavity-chamber measurements, the air 
pressure is given by a barometer calibrated to 0.1 
mm a nd the pressure was very cons tant during a 
se t of measurements. Thus, the error in item 7 
should be less than 0.1 percent. However , the 
temperature did vary by about ± 0.1 percent during 
a set of m easurements so a possible error of 0.1 
percent is assumed for item 8. 

The effec tive length of the collec tor pla te is deter­
min ed by the measured length a nd by any field 
distortion caused by the presence of the grounded 
tank and by warpage of the plates . The measured 
length could no t be in error by as much as 0.1 perce nt 
bu t, as indi cated earlier , tlte distor tion produced 
by the grounded tank is determin ed by ioniza tion 
means. Therefore, the reproducibility of the ioniza­
tion measurements (0.1 % for this investigation) de­
termines this possible error. From previous work 
[11] it appears that the warpage of t he plate could 
produce a n uncertainty of no more than 0.1 percent. 
Therefore, for these two possible errors it is estimated 
that the effective plate length could not be in error 
by more than 0.2 percen t (item 9) . 

The diaphragm area is determined by measuring 
four radii a t different depths. These measurements 
show the hole to be slightly coned (about 3 parts 
in 7,800) at the two ends, but at any one depth the 
radii agree to 8 parts in 78,000 . The uncertainty 
111 the physical determination of the hole area is 
therefore not more than 0.1 percent (item 10) . 

The effective area of the diaphragm is slightly 
larger than the hole area because of leakage of 
radiation through the edge of the holes [3]. The 
increased area amounts to about 1.8 percent for 
cesium-137 and about 3.5 percent for cobalt-50 
radiation. It is estimated that the uncertainty 
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[3] in this leakage could not cause an error of more 
than 0.2 percent (item 11) . 
. The un.certainty in the cavity chamber volume 

(Item 12) IS assumed to be the same as that estimated 
by Attix and Ritz [5] (0.1 %). 

The distance between the collimator and the so urce 
(87. 1 cm) is determin ed by a cathetometer and · 
vernier calipers reading to 0.1 cm. It is estimated 
th~t t~e errOl: introduced by the uncertainty of 
thls dlstan ce IS less than 0.1 percent (item 13). 
However, t}le unce~-tainty of the so urce-to-cavity­
chamber dlstance IS somewhat larger- about 0.2 
percent. 

The accuracy of the correction for scattering from 
the walls of the room and from the cavity-chamber 
walls , and for the photon attenuation in the wall is 
estimated to be the same as that given by Attix and 
Ritz [5] (item 14) . 

The computed scattered photon contribution to 
the ionization for cesium-137 gamma rays amounts 
to about 4 percent of the electron contribution at 
10.85 atm and about 2 percent at 3.95 atm' for 
cobalt-50 this contribution amoun ts to about 3 H 
percent for the pressures used . The agreement (see 
fig . 8) in the scattered photon contribution obtained 
at variolls pressures for a given radiation indicates 
that it is reprodu cible to about 0.1 percent (item 15). 

The agreement (see fig . 7) in the electron contri­
bution obtained at different pressures indicates that 
this q uan t ity is reproducible to about 0.2 percen t 
(item 15) . 

The theoretical values of K determin ed for cobalt-
50 gamma rays by Roesch [15] arc about 0.3 percent 
larger than those determined by Aglin tsev and 
Ostromukhova [15] . Values obtained by Aglintsev 
and Ostromukhova are used here, bu t the un cer­
tai nty of this correction (item 17) has been assigned 
a value of 0.2 percent. 

Probably the largest s ingle uncertainty in the out­
put d.etermination by the cavity-chamber is in the 
stopplllg power ratio (item 18). Three differen t 
values for carbon-walled air ionization chambers 
have been suggested recently. The maximum differ­
ence between them is about 2 percent. However. 
the valu es labeled "Caldwell" in table 3 do not fit 
the data of Att~x and R.itz [5] .and of Whyte, who 
conducted expenments wIth cavlty chambers havin o' 

walls of different atomic number. The experimentJ 
data from these au thors fit the "Bakker and Segre" 
and "NCRP" stopping-power ratios slightly better 
than those of "Caldwell" but neither obtained a 
direet measurement of the stopping power for air. 
The data of table 3 also indicate better agreement 
between the free-air chamber and cavity chamber 
for the "B.akke~ and Segre" and "NCRP" stopping­
p~wer ratIOs. wIth the cobalt-50 source but poorer 
wIth t he cesmm-137 source. Attix and Ritz esti­
mate the accuracy of th~ s topping-power ratios as 
0.3 percent, but 'Vhyte gIVes a value of 0.5 percent. 
The lattel' has been adopted for the present report. 

The ma,ximl:l1l possible error is obtail: ed by adding 
the errors of ltem 2 through 18, and IS 1.9 percent 
for the pressure chamber and 1.5 percent for th e 
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cavity meas.ur~l:lents . Item 1 is greatly reduced 
by tbe multIplICIty of observations. If one assumes 
that all of these items gi.ve random errors, the square 
root of the sum of tbeir squares gives 0.5 p ercent 
for the pressure-chamber method and abou t 0.7 
percent for the cavity-chamber method. 

5. Summary 

1. By a proper choice of the constant in th E' 
Jaffe-Zanstra method of extrapolatinO" the ionization 
curren t to an in.finite field strength, it has been 
shown that conSIstent saturation currents can be 
computed from ionization meaSUl"ClTlents made with 
nonil~finit.e fields, at least for pressures of 4 to 12 
atm 111 all'. However, the best constan t seems to 
be somewhat different than that previously used. 
It has also been shown that field strengths per 
atmosphere of greater than 85 and probably greater 
than 114 vcm- 1 atm- 1 are needed for the Kara­
Michaelo:va and Lea extrapolation technique. 

2. D esIgn data for the construction of free-air 
chambers used in the measurement of cesium-1 37 
and cobalt-60 gamm.a rays in roentgens are presented. 

3. ;Determination of the gamma-ray output from 
a ces lLlm-1 37 and a cobalt-50 source bv means of a 
free-air chamber and a cavity chamber are indi­
cated. The experiments are no t sufficiently accurate 
to unamb~guously decide which value of stopping­
power ratlOs sho uld be used. 

4. It would seem from the estimate of errors that 
the uncertain ty in the two methods of measurement 
is . approximately the same and , t herefore, that 
nelther can be designated as the standard method. 

The author thanks T . P. Loftus, who made all 
of. the cavity chamber measurements; F. H. Attix, 
WIth whom m any of the problems arisilw during 
the investigation were discussed ; and G . H~ D emp­
sey,. who was of great assistance in setting up th e 
eq Ulp 111 en t . 
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