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Plate-Separation Requirements for Standard 
Ionization Chambers 1 

Free-Air 

Frank H. Attix and LeRoy DeLa Vergne 

. A. method is described for measur ing ionization losses res ultin a from inadequate separa-
t IOn of t he parallel plates in free-air chambers . The ion iza t ion produced by X-rays scattered 
out of the collimated beam was meas ured separately and sub tracted from the total to oblain 
~he. ion.ization contribu tion of only the electrons from the beam . Losses of this elecLron 
10ll1ZatlOI1 are tabu lated for plate separations from 6 to 36 centimeters with moderatelv 
and heavily fil tered X-rays from 50- to 250-kilovol t co nstan t tube pote ~ ti al. Res ults ar-e 
also converted into cy lindrical coo rdinate form for application to chambers other t han t hc 
parallel-plate type. A method is suggested for meas urement, ill othe r free-air chambNR 
of the contribution of ionization by scattered X-rays. Ioni zation-loss res ults are co mpa red 
with previous experimen ts. 

1. Introduction 

For many years the free-ail' ionization chamber 
has been the standard instrument for the measure­
ment in roentgens of X-radiation dose below 200 
kilovolts. Aareement between the standard cham­
bers of several national laboratories within about ± 1 
percent :was established in 1931 by Taylor [1, 2],2 and 
the design of the standard chamber [3 . 4] at the 
National Bureau of Standards has remained un­
changed from that time until recently. 

In 1952, Kemp and Hall [5] mad e a precise study 
of the lateral dimension requirements for complete 
u til~zation of electr<;Hl ionization in a parallel-plate, 
vanable-pressul"e au' chamber. The results indi­
cated that the standard chamber at t.hc National 
Bureau of S~andal'ds and at the National Physical 
Laboratory 111 England were inadequate in this 
respect, and that electric fwld distortion was re­
sponsib~e for th!? consistant underestimation of plate­
separatlOn reqUll'ements by other workers. 

Preliminary measurements a t the Bureau early in 
1 ~53 , ,!sing a large .fl'~e-ai~· c~lamber with improved 
dlstortlOn eharactenstlCs, mchcated that even larger 
chamber dimensions might be required than those 
predicted by K emp and Hall. On the basi of this 
preliminary work, a temporary standard was con­
structed having plates 20 cm in separation and 26 .8 
em in height. A comparison between this chamber 
and the old NBS standard chamber with X-rays of 
200 kv (constant potential) and medi urn filtration 
(0.52-mm Cu plus l.O-mm AI) revealed that the old 
chamber was measuring about 2 percent less ioniza­
tion than the new one, in fair agreement with the 
predictions of Kemp and Hall. 

A direct intereomparison between the National 
Physical Laboratory chamber and the new National 
Bureau of Standards chamber was carried out at 
NPJ..J in June of 1953 [6] . The JPL chamber was 
found to be subject to ionization losses of about 3 
percent at 19.5 kv (constant potential), which was 

1 rrhis work was suppor ted in part by the Atomic Energy · Comm ission . 
This paper was presented at the December 16, 1953, meeting of the R adiologi­
cal Society of North America, and appears in the December 1954 issue of 
Radiology. 

2 F igures in brackets indie~te the literature references at the 'enel of this paper. 

close to the results Kemp and Hall obtained with a 
replica of the NPL chamber. 

However, because of t he disagreement; between 
their work and the preliminary measurements made 
at the Bureau , and because their evidence placed in 
doubt the previously accepted free-air chamber 
design criteria, a broad study of the problem was 
undertaken. Both the field-distortion and plate­
separation characteristics of free-air chambers arc 
being inve tigated atLhe Bureau for X-rays gener­
ated by l?ote~tials ~p to 500 kv. This present paper 
deals pnmanly WIth the plate-separation require­
ments for X-rays generated by potentials up to 
250 kv. 

The definition of the roentgen requires the meas­
urement of all the ionizaLion prod uced by elecLrons 
that originaLe within a known volume of irradiated 
air. It is not practicable to measure this ioniza tion 
~lO\:-ev~ r, because one cannot separa te it from the 
lOmzatLOn produced by other electrons originating in 
nelghbo~'lJlg :,"olumesr of ail', which must, of necessity, 
also be IlTachated. rhe free-air chamber overcomes 
this difficulty by utilizing the "electronic-equilib­
rium" condition existing along the direction of the 
X-ray beam, as shown in fi gure 1. The cross-hatched 
region represents the known volume in the sense of 
the roentgen definition . Its dimensions are estab­
lished by the area of the limiting diaphragm, D , and 
th~ length of ion-colleeLing plate C (assuming a 
umform electric field) . Ionization is collected 
throughout the region enclosed by the dashed lines. 
80me electrons, such as el, having paths predomi­
nantly perpendicular to the X-ray beam will expend 
their e,ntire energies within the ion-collecting region, 
assummg the plate separation to be sufficiently large. 
(Actually, of course, the electron paths are not 
straight as. indicated.) Others, like e2, will pass out 
of that reglOn and produce ionization where it will be 
collected on one of the guard plates and, hence will 
not be measured. Under the electronic-equilibrium 
condition, this ionization loss is just compensated by 
the contribution of other electrons, such as e~ assum­
ing air attenuation of the primary beam to be small. 
Such a condition can only exist if the two ends of the 
box are at a distance (from the ion-collecting region) 
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FIGURE 1. Schematic plan view oj a parallel-plate free-air 
ionization chamber. 

greater than the range of the electrons present or 
about half the distance required for plate separation. 

Electro~ls l.ike .e4, resultin~ from scattered photons, 
produce IOlllzatIOn that IS not included in the 
definition of the roentgen as these electrons do not 
originate within the cross-hatched volume of air nor 
do they compensate for ionization losses of other 
electrons that do . Their ionization contribution is 
usually assumed to be negligible. However, in large 
chambers that assumption may not be justified. On 
the other hand, the presence of such unwanted 
ionization would tend to compensate for loss of elec­
tron ion.iz.ation (i .. e. '. ionization produced by electrons 
that ongmate wlthm the X-ray beam) due to in­
sufficient plate separation. A method will be 
described for measurement of this ionization by 
scattered X-rays in free-air chambers. . 

Some mention should be made of the correction for 
air attenu!1ti.o~ of ~-rays in the distance d (see fig. 1) . 
Because lmlltmg dIaphragm D determines the total 
X-ray flux passing into the chamber, a free-air 
chamber measurement actually establishes the dose 
at the po.sition of that diaphragm, except for the small 
attenuatIOn of the beam in traversin O' the air between 
the diaphragm and the ion-collecLi;g region.3 

2. Apparatus and Experiment 

2.1. General Method 

The experiment c?nsisted of three types of meas­
urements for each kilovolt age and filtration : 

1. D etermination. of the ionization produced in 
parallel layers of all' , each 1 cm in thickness at 
various perpendicular distances from a narrdwly 
collimated X -ray beam, using a special experimental 
"grid" chamber. 

2. A repeat of 1, except th at a sheet of material 
(hereafter called the "electron filter") was interposed 

~ The effect iv~ length d, of tbe absorbing air column is subjcct to some uncer­
tainty becau~e ItdeI)ends on the average.center of origin of the electrons contribu t­
mg to the 10~lzatlOn 111 t he eollectlllg regIOn. Taking this position at the center 
of tbe colleetlllg re.glOB assumes that electron ranges are short, or that tbeir paths 
are bomogeneou~ III dlrectlOll forward s!ld rearward. At h igher X-ray energies 
where forward-directed ele?tron~ predomlllflte,the center of origin shifts toward the 
diaphragm and the ~fIectlve alI-a bsorptIOn column decrcascs in length. If the 
scattered-photon IOnIzatIOn III a. cham bel' is measured and corrected for in the 
dose ealculat l~n, t hen to be consistent the total absorption coefficient should be 
used In the atr-absorptlOn correctIOn; that is, the coeffi cient should be experi­
mentally dctc~mllled by ~ metbo~ involving " narrow-bemu" geometry, where 
t he van able fIl r column lies outside the narrowly di aphragmed chamber box 
rather than by moving tbe plate system within the box. ' 

between the X -ray beam and the ion-collecting rco'ion 
to absorb all the electrons ol'iginating in the bebam 
but allo \~ scatterec~ X-r~ys to pass t lli'ough with littl~ 
attenuatIOn, makmg It possible to differentiate 
between th~ two. By subtracting the ionizat ion 
measured wIth the electron filter in place from that 
measured without the filter the ionization was 
obtained for ?nly the electro~s originating in the 
beam, as reqUlred by the roentgen definition. 

3. M~asurement .of the ionization produced in a 
conventIOna.1 free-all' chamber by the same X-ray 
beam used m the first two types of measurements. 
!his was done to provide a figure for the ionizaLion 
mtegrated over the entire ionized volume so that the 
previous measurements of ionization in v~rious parts 
of the volume could be expressed as fractions to 
the whole. 

From these measurements it was possible of 
calculate the percentage by which the ionization 
produ.ced by electrons from the X-ray beam in a 
free-all' chamber would be decreased by inadequate 
separation of the parallel plates. 

2.2. Grid Chamber 

. Figure 2 is a plan view of th e experimental ioniza­
tIOn chamber. It was housed within a lead-lined box, 
A, 70 cm long by 33 cm .w.idc by 39 em high. The 
electrode system was pOSItIOned along one side wall 
of the .box, and. cO~lsis~ed of a graphite plate, Ie, for 
collectmg the IOlllzatIOn, surrounded by coplanar 
guard plates, J. In front of the collector were two 
parallel grids of graphite-coated nylon thread L 
which defined the volume in which ionization ~V'a~ 
collected (shaded area in fig. 2). The first row of 
threads was 1 em from the collector plate, and was 
ope~'at~d at ± 135 :T, w.hich was found to be ample to 
aVOld IOn recombmatIOn in the collecting volume. 
The second row was at ground potential to give a 
more clearly defined collecting volume by reducing 
the "bulging" of field lines between the threads of 
the first row. 
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FIGURE 2. Plan view of grid chamber. 
A, L~ad bo~ 70 Pf!1 long, 33 em wide, 39 em hi gh; 

B., 716 Ill . LUClte IH~lllg , gra phite-coated ; 0 , defining 
dJapbrag.m, I-cm dlalTI, 76 cm from tube target; D , 
sc;aLter diaphragm, ~ .8-em diam, 17 em from defining 
diaphragm; E, collimated X-ray beam, approx 1.8-
em dlam a t poSItIOn opposite collecting electrode; 
F, ~lectrons and scattered photons; G, electron 
flltel , 1.7-mm pol ystyrene, graphite-coated and con­
nected to ground, .positioned 2 em from outer grid ; 
H , X-ray beam eXit hole, 7A-cm diam ; J , a luminum 
guard plates, 18 em long ~nd 33 em high, graphite­
coated; K, graphite collecting electrode, 10 em by 24 
cm by 5 mm; L , graplllte-coated n ylon threads' 
lV~, vibrating.-reed electrometer; N, beam to pIat~ 
distance, val'l abl~ from 4 to 22 cm; P , distance of 
beam from Opposite wall, variable from 24 to 6 cm' 
P+~ is constant at 28 cm. ' 
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The front and bacl- walls of the lead box were fixed 
in position, as was the X-ray beam, E. The remain­
der of the box, including the electrode system., was 
mounted on a track at right angles to the X -ray 
beam , allowing the variation of the distance, N, from 
the X-ray beam to the collector plate over the range 
4 to 22 cm. The distance P + N to the wall opposite 
the electrode system was 28 CITL That wall and the 
top and bottom of the box were lined with }{6-in. 
graphite-coated Lucite, B , to minimize electron 
backscattering. 

The electron filter, G, consisted of a sheet of 
graphite-coated polystyrene 1.7 mm in thickness, 
elec trically connected to ground . When in place, 
this filter stopped all elec trons approaching t he 
collec ting volume from outside the filter, but allowed 
scattered photons to pass through with negligible 
attenuation. When the filter was removed, both 
electrons and sca ttered pho tons were allowed to pass. 

I 'Most of the elec trons sLopped by the filter origi-
nated ,,-ithin the X-ray beam. H ence the difference 
between the two measurements (fil ter in, filter out) 
approximately represents ionization produced by 
electrons of the l'o entgen defmiLion. However , the 
fil ter also intel'ceptC'd some electrons produced out­
side the beam (and outside the filLer position) by 
scattered photons. These elec trons were par'lially 
replaced by those ejecLed from the inner surfacC' of 
the filter itsC'1£. As will be seen from the data in 
figure 4, such compensation was no t eomplC'te at 
100 kv (or at 10\\'er kilovoltagC's) where photoelectric 
effect in the ail' made the filter maLerial sli ghtly 
non-air-equivalent . It was possible to corrC'ct 1'01' 
this, as will he discussed JU1'lher in relation to 
figure 4. 

FigUl'e 3 is a detail drawing of the grid chamber 
electrode system , indicating its dimensions and the 
mounting of the threads. Actually, the grids were 
made of only one long nylon thread, which was 
wound around spiral grooves in the two aluminum 
rods, F . This thread was t hen painted with alcohol 
"dag" in such a way as to leave parts E bare, to 
serve as insulators, but to connect the inner row of 
threads to the upper rod and the outer row Lo the 
lower rod. External elec trical connections were 
then made to the rods themselves. 

Tlle collector plate was made of graphite so t hat 
it would be nearly air-equivalent from the standpoint 
of electron backscattering. To determine the magni­
tude of this effect , the graphite was replaced with 
aluminum in one instance for 200-lev X-rays with 
medium filtration. The ionization measured with 
the electron filter in place was about 60 percent 
greater than for t he graphite plate b ecau se of photo­
electric effect in the aluminum. HO\,lever, the calcu­
lated results for electron ionization losses in free-air 
chambers, based on the aluminum-plate data, did 
not differ appreciably Jrom those calculated from the 
graphite-plate data except at small distances from 
the X-ray beam, as is shown in table 2. Hence 
since eleetron scat tering varies roughly as 1:2, one 
may assume that the' experim ental results arc not 
significantly influenced by backscatter of electrons 
from the graphit e collector plate. 

Fl(;UR I~ 3. Grid-cham­
ber elecl1'Q(le system, 
viewed from ?·ea1'. 

A, Graphite collecting 
electrode; n. graphite-coated 
a luminum guard plJ.tcs; C, 
ion collecting ,"ol urnc, ] em 
hy 10 CIll by 24 em ; D , 
graphite - co~tcd nylon 
t hreads in t \VO rows ] em 
apart. Separation of t hreads 
in each row 5 111 m, with ao 
threads PCI' row. 'l'hread 
dia,meter , 0.2 mm ; E, pa.rt 
of each thread not co\'crcc! 
by graphii.C'. to provide 
insu lation: F , O .. 5-in . diam 
graphi te-coated aluminum 
rods supporting ihe nylon 
threads. R ods arc cut with 
]. spiral groove of fh'c t urllS 
to the inch , to prop(' rl~' po­
si ti on t he t hreads. D istance 
between axes of the two 
rods 29 4 em' G electron 
filtc,!, graphit~-coatecl po l~· ­
styrene ; il, X-ra~· he-am ; 
J , r lrctroJJ s and SC<1. tt('rcd 
photons. 

±135 VOLTS 

~~H 
/ 

J 

2.3. Standard Free-Air Chamber 

M easurement of Lhe ionization integrated over the 
entire ionized volume was made by means of the 
present NBS standard chamber mentioned in the 
introduct ion . PlaLe separation was 20 em , plate 
height , 26.8 ern . The limiting diaphragm. diam eter 
(1 cm) and the colleclor plale len gth (10 cm ) were 
t he same as those in Lhe grid chamber. The sLandard 
cham bel' was 10calC'd on one side 0 f the grid chamber, 
wi th the limiling diaphragms of Lhe two chambers in 
the same plane. ThC' X-ray tube hOll sing was 
mounLed on a track running aL rjght anglC's to the 
beam d irection, and could th1lS be positioned in 
alinem C'nL wi th either cham bel'. Standard-cham bel' 
readings were madC' in conjunction with each grid­
cham bel' run, the X -ray tube output being constan t. 

One might ask why the standard-chambC'l' reading 
was necessary, since it would seem possible to get 
the total. ioni za tion by merely summing up the 
grid-chamber measuremen ts over the whole volume. 
This was prohibited by the fact that the grid­
cham bel' plate sys tem co uld not be moved closer to 
the X-ray beam than about 6 cm with the electron 
fi1cer in place, or 4 cm without it. Closer positioning 
would have caused the beam penumbra to strike the 
grids or fil ter. Thus, it was no t possibl e with the 
grid cham bel' to make measurern ents in the most 
densely ionized central region. 

Small errors in the standard cham b el' itself, such 
as migh t be caused by slight insuffici.ency in plate 
separation, 'would have a negligible effee t on the 
subsequent calculations of ionization losses. 

A detail ed description of this standard cham bel' 
will be the subj ect of a later paper. 

2.4. Measurement of Ionization Current 

A vibrating-reed electrom eter was used as a null­
detecting device for the current measurem ents. 
Currents larger than about 10- 12 amp were passed 
tlu'ough calibrated multimegohm resistors, and the 
resulting IR drops compensated by a potentiometer 
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connected in series. For smaller currents a compen­
sating rate-of-charge method was employed, the 
charge being collected on a calibrated capacitor 
which was an integral part of the electrometer. 

All measurements were carried out at atmospheric 
pressure and room temperature, approximately 755 
mm Hg and 26° 0, respectively. 

The ionization currents measured in the grid 
cham bel' with different polarities of voltage on the 
inner grid were generally not idenLical in magnitude, 
since there was some ionization generated by scat­
tered X-rays in the region behind the collecting 
electrode. There the grid potential had no infiuence, 
but contact-potentials served to collect ionization. 
This extra-cameral ionization \vas corrected for by 
measuring the current with both polarities and 
averaging the two values. The unwanted current is 
added in one case and subtracLed in the other, and 
is thus cancelled out. 

2.5 . X-Ray Apparatus and Beam Filtration 

A 250 lev X-ray tube enclosed in a thick lead 
housing was employed for this work. The high­
voltage generator supplied an essentially constant 
potential, having a ripple not exceeding 0.6 percent. 
Kilovoltage and tube current were continuously 
moni.tored during operation and were, by manual 
adjustment, maintained at a constant value within 
± 0.1 pel·cent. 

The inh erent filtration of the X-ray tube was 
equivalent to approximately 3 mm of Al. Addi­
t ional filtration 4 was placed at the 1.27-cm-diam 
portal in the tube housing, located 16 cm from the 
target. In table 1 are given the added filtrations 
used at various kilovoltages, together with the 
copper half-value layers of the filtered beams. 

TABLE 1. X-ray beam characteristics . ',!' '''' .., "1; 

Constant I 
potential 

kv 
60 
75 

100 
150 
200 
250 

100 
150 
200 
250 

Added · filtration 

Medium 

mm 
N one_ .. ______________________ . __ . _______ . _ .. _ .. 
_. __ . do __ ________________ . _____ . ______ _____ . _. __ 
1.02 AI. . _____________ .. _____ .. ___________ .. _ .. _ 
0.228 Ou+1.02 AL ___________ .. ____ .. ____ .. _ .. . 
0.52 Cu+1.02 AL __________________ .. ____ .... _. 
1.02 Cu+ 1.02 AL _____________________________ . 

0.53 Ph __________ ... _ .. __ .. _______ _ . __ . _______ . 
1.53 Sn+4.00 Cu _____ ........ _______ .. __ ._ .. ___ . 
0.70 Pb+4.00 Sn+ 0.59 Ou .... ________ .. ___ ____ . 
2.70 Pb+1.00 Sn+ 0.59 Ou . ___________ .. _______ . 

• In ber ent filtration : 3 mm AI. 

I Copper half· 
value·layers 

mm 
0.077 
.099 
. 176 
.60 

1. 23 
2. 14 

0. 77 
2. 42 
4. 03 
5. 28 

The "heavy" filtrations were essentiall y tbose of E hrlich and F itch [7J ' note 
error in table ·4, p. 16, filtration for 150 kv should be 1.53 mm Sn and 4 m,;' Cu . 

3 . Experimental Results 

Figures 4 to 7 are given as examples of the ioniza­
tion versus distance curves obtained with the grid 
chamber. Included are curves for 100 lev, medium 
filtration; 200 kv, heavy filtration ; and 250 kv, with 
both medium and heavv filtration. The filters used 
were those listed in table 1. The clectron curves 
have been determined by a point-by-point subtrac­
tion of the filter-in curve from th e filter-out curve. 

The extrapolated range of lOO-kev electrons in 
air at atmospheric pressure is given in the literatm e 
[8] as 12 cm. Oompton recoil electrons produced by 
100-1\:v X-rays will have energies not exceeding 28 
kev, and thus ranges less than 2 em. This idenLifies 
the electrons l)I'oducing the curve in figure 4 as 
photoelectrons. Therefore, the bend in the upper 
curve clearly shows the transition from electron 
ionization to that resulting from scattered X-rays. 
Beyond 15 cm the "filter-in" and "filter-out" curves 
are seen to be parallel and at a constant separation, 
even thou gh the lower curve has bcen corrected for 
attenuation of scattered photons. They should coin­
cide beyond the 12-cm range of the electrons from 
the X-ray beam. The observed discrepancy is 
probably caused by the lack of air equivalence of 
the electron filter material , as was mentioned I 
previously. It is corrected for by raising the lower 
curve parallel to itself until it coincides with the 
upper one at large distances. 

Figure 5 presenting ionization curves for 200-kv 
X-rays with heavy filtration also has a shatp bend 
in the "filter out" curve. However , in this case the 
"filter-in" curve lies well below it, and thus photon 
scattering cannot account for the abrupt change in 
slope. The cause becomes evident if one again 
considers the types of electrons pre ent. For the 
X-ray wavelengths present in the primary beam, 
the absorption coefficient for air will consist of 
about 2-percent photoelectric effect and 98-percent 
Oompton effect. The range of the maximum­
energy photoelectrons will be about 37 cm, whereas 
the range of the most energetic Oompton electrons 
(88 kev) will be 9 cm. Thus th e change in the slope 
of the curves of figure 5 at 9 cm represents the transi­
tion from Oompton electrons to the longer-range 
photoelectrons . 

It should be mentioned in regard to figure 5 (and 
all other cases of heavy X-ray filtration) that the 
lower curve, for electron -filter in place, had to be 
estimated in an indirect way. The background cur­
rent in the grid chamber was of the order of 10- 15 

amp and was sometimes unsteady, making it very 
difficult to obtain reliable measurements of ioniza­
tion currents of that order of magnitude or smaller. 
Hence, it was thought preferable to estimate the 
curve in the following way: The slope ,\-as taken in 
each case to be the same as for the corresponding 
medium X-ray filtration as these were found to be 
abou t the same for all energies. Then the curve 
was adjusted to a position such that twice the area 
under the curve out to 10 cm was in agreement with 
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FIGU RE 4. Grid-chamber current versus distance from X-ray 
beam. 

100 kv, medium filtration (J.02-mm A 1). Standard free-air 
chamber current: 4.73 X 10-10 amp. 
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the total scattered photon contribu tion measured in 
th e 20-cm standard free-air chamber, by a method 
to be described . This was assumed to b e propel' 
because a similar comparison between scatter meas­
urements in the free-air chamber and the grid 
chamber showed generally good agreement for the 
medium X-ray filtra tions. 

In figure 7, rcpresen ting the ionization curves 
ob tained wi th h eavy filtration at 250 kv, the bend 
observed in figure 5 has disappeare,l. The pho to­
electric effect in air is negligible here, and the ioniza­
tion is almost en tirely produced by Compton elec­
trons. Their energies will not exceed 123 kev, and 
hence th eir ranges extend to only about 15 cm , which 
appears to be consistent with the curves in figure 7. 

It is thus apparent t hat the plate-separation 
requirements for 200 kv with heavy filtration are 
greater than for 250 lev, because of the disappearance 
of the photoelectric effect in air at the lattcr energy. 

4 _ Calculation of Electron Ionization Losses 

For each kilovoltage and filtra tion the p ercen tage 
electron-ionization losses caused by insufficient plate 
separation in free-air chambers were calcula ted by 
means of thc formula 

1'/0= the grid-chamber ionization curren t with the 
electron filter out-

1e/i= the grid-chamber io~izaLjon curren t with the 
electron fil ter in place ; 

1sc= the corresponding ionization curren t in the 
standard free-air chamber ; 

d= the variable dis tan ce (cm) from collector 
plate to X-ray beam in the grid chambcr. 
d- l = s/2, where s is the free-air chamber 
plate separation for which the ionization 
loss is being compu tcd. 1 is subtracted 
from d to account for the I-cm dep th of 
the grid-chamber collecting volume. 

The factor (2) is included because the grid chamber 
measures the ionization on only one side of the X-ray 
beam . The (1. 087) is a correction factor th at ac­
counts for the area covered by the nylon thread s, 
whi ch stop the electrons that strike them. 

The summation sign indicates that the electron 
current is summed up , for layers each 1 cm in thick­
ness, from distance d out to infini ty. The electron 
ionization curves were simpl~T assumed to con tinue 
with unchanging slope at pla te-to-beam distances 
exceeding those at which data were obtained. 

In figure 8 are plot ted the resul ting ionization 
losses for the curves in figures 4 to 7. Table 2 con­
tains data for all kilovol tages studied . 

It should be noted t hat in the calculations the 
diameter of the X-ray beam is not considered, and 
the distances are reckoned from the cen Lral axis of 
the beam. Thus the results are most accurate when 
applied to chambers having X-ray beam s of about 
the same diameter (1.8 cm) as was used h ere. 

Thus far, only the losses resul ting from inadequate 
plate separation have b een discussed , and no men­
tion has been made of pla te heigh t, which is of course 
of equal importance. A chamber should b e designed 
with both of those dimensions sufficiently large to 
allow nearly all the electrons projected radially ou t­
ward from the X -ray beam to run their full ranges 
without leaving the ion-collecting volume, either by 
strik:ing the plates at the sides or by escaping out the 
top and bottom. The da ta in table 2 represen t 

T ABLE 2. P ercentage electron-ionization losses for various plate separations in a free-air chamber 

K ilovoltage and filtration 

Plate separation 

j\{edium H eavy lVfediu m H eavy J)I[edi um Mcdiulll a IIeayy ~lcc1i llm J-Ieavy 

em % % % % % % % % % % % 6 _____ ______________ 0. 2; 0.80 2. 2 6.4 4.3 3.9 4. 9 5.5 4.8 5. 0 14.5 8 ___________________ <. 05 . 20 0.8, 3.2 2. 1 3.1 2.6 2.9 2.3 2. 9 8.5 
10 __________________ < . 05 . 32 1.5 1.2 2.5 1.6 1.8 1.4 1.8 4. 9 
12 __________________ . J, 0.6, 0.6, 1.9 1.0 1.2 1.1 1.1 2. 8 
14 ____ ______________ . 06 . 28 . 4, 1.5 O. i 2 0.8, 0.8, 0.7, 1. 7 
16 ____________ _____ _ 

<. 05 .13 .2, 1.1 . 51 . 5, fa . 56 0.9, 
18 __________________ .07 . 1, 0.82 . 3, . 43 .65 . 42 .53 70 _________ ____ _____ <. 05 . 12 .59 . 27 . 33 . 55 . 3, . 2, 22 ___ ___________ ____ .Os . 4, . 1, . 2, .46 . 24 . 16 
24 __ • _________ ._. ___ .0, . 2, . 1. . 1, . 3, .Is . 0, 

26 ___ _______ __ ____ __ <. 05 . 1, . 10 . I , .30 . 1, <. 05 28 ___ _______________ .h . Os . 12 . 23 .1, 30 __ ___ • __ __________ 
.07 . 0, .0, . 17 . 0, 32_. __ ______________ 

<. 05 < .05 . 07 . 10 . 07 34 ______ ____________ .0, . 0, . 06 

36 ___ • ______________ <. 05 .0, <. 05 

• The data in this colu mn were obtained with a bare aluminum collecti ng plate in place of t he graphite pla te normally used in the grid cbamber. They illustrate 
the magnitude of the eflect of electron backscattcring on the results. 
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FIG URE 8. Rleclron ionization losses in 1)aJ'allel­
plate Jree-rti1' chambers with adequate piette height. 

losses caused by plate-scparation inadequacy alone 
assuming the plate height Lo be adequate. What 
constituLes adequaLe plate height i complicated by 
field distortion, as pointed out by K emp and Hail 
[5]. The collecting volume may be defined as tbe 
region occupied by the electric-fielel lines that ter­
minate on the co llecLor plate. This region will be 
considerably smaller in effective height than the 
plates themselves, if the field is not properly guarded 
from the effects of the grounded chamber enelo ure. 
The actual cross-sectional shape of the collectinO' 
volume of a particular chamber, in a plane at 1'iO'ht 
angles to the X-ray beam, is obtainable fro~ a 
study of field lines in an cleetrolyLic tank. 

It was thought to bc desirable to convert the data 
in table 2 into a more general form that could be 
applied to any frec-air chamber in which the C1'OSS­
sectional shape of the collecting volume were known. 
A graphical method was found for doing this. 

The graph used in this calculation was similar to 
that shown in flgure 9, but drawn to a large scale. 
The ionization field was assumed to be made up of 
concentric cylindrical shells, each 1 cm in thickness 
and containing a uniform ionization density . The 
supm:imposed rec Langlcs, 24 cm in heigh t and 1 cm 
m thIClmess, represent various positions of the grid­
chamber collecting volume. By first taking planim­
eter measurements, the unknown ionization densities 
in the cylindrical hells were deduced from the Imown 
electron ionizations in the grid-chamber volume. It 
was then possible to calcula te how much of the 
ionization lay outside of any given radius, i. e., the 
ionization that would be lost by a cylindrical cham­
ber of that radius, po itioned coaxially with the 
beam. Table 3 give the results of such calculations. 

E 
o 

X·RAY BEAM 
CENTER 

FIGURE 9. Drawing similaJ' to that used Jor planimeter 
meaSUTements to determine the i onizettion densities existing 
in cylindrical shells coaxial with the X-my beam. 

To apply Lhese l'csulLs Lo any chamber fo[, which the 
cross-sec Lional shape of the collecting volume i 
Imown, it is necessary to plot Lhe cross section on 
polar-coordinate graph paper, wi th the X-ray beam 
located at the origin. The ionization losses arc then 
obtained from table 3 for a number of representative 
radii on the plot, weigh ted according to the angular 
sector they repre ent, and summed to give the total 
ionization loss. 

A calculation of this sort was carried out to de­
termine the adequacy of the 24-cm height of the 
collector plate in the grid chamber, and the effect on 
the data in table 2. In the wor tease (250 kv, 
medium filtration ; 200 kv, heavy filtration) the tabu­
lated percentage losses in table 2 were found to be 
too small by about 0.2 percent for figures of 1 percent 
or larger, and by 0.1 percent 01' less for figmes below 
1 percent. The data in table 3 are not subj ect to 
this error as the actual collector-plate height of the 
grid chamber was taken into account in the calcula­
t ion of that data . 

The ionization contributed by scattered X-rays in 
a particular free-air ch amber will depend not only 
upon the plate separation and heigh t, but also upon 
the length of the irradiated air column wi tIl in the 
chamber enclosure; thus, this ionization cannot be 
conveniently tabulated. It was therefore considered 
preferable to describe a method by which the ioniza-
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TARLE 3. P ercen tage losses of electron ionization outside of various radii from the X -ray beam 

Kilavaltage and filtra tion 

----------.- ----------------------------------------------------
100 k v I 150 kv 200 kv 250 kv 

00 kv M e- 75 kv M c- ____________ _ ___ _ 

dium dium M edium Heavy Medium Heavy M edium H eavy M ediu m H eavy 

R adius 

em % % % % 
3__ _____________________________ 0. 77 2. 1 4.9 12.9 
4. ______ ___ ____ __ ___ _ ___ _ __ ____ _ . 10 . 56 2.0 7. 6 
5__ ______ __ _______ _ ___ ____ ____ __ <. 05 .Is .88 4. 1 6_____ __ _ __ ______ _ _ __________ ___ < .05 .37 2.0 
7 ~ _____________________________ _ .17 .87 

8 _____________ _________________ _ . 0, .3s 9 _______ _____ ___ _________ ______ _ 
<. 05 .20 

10 ________ __ ___ __________ ______ _ .12 11 ________ ____ ________ ___ ______ _ . 08 
12 _____________________________ _ .05 

13 _____ ____ __ ______ ____ ___ _____ _ <. 05 14 ________ ________________ ____ _ _ 
15 _______ ___ __ _____ ____________ _ 
16 _____ ________________________ _ 
17 ____________ ____________ _____ _ 

18 ___________ _________________ _ 
19 _________ ___ _______ ____ ___ ___ _ 
20 ________________ __________ _ _ 
21. __ ________________ _____ __ __ __ 
22 _____________________________ _ 

tion by scattered X-rays can b e directly determined 
with sufficient accuracy in any given chamber. 

A tube of nearly air-equivalent material such as 
Lucite, extending the full length of the chamber 
enclosure, is positioned inside the chamber, so that 
the X-ray b eam p asses through it from end to end . 
The tube must have walls thick enough to stop the 
electrons, but thin with respect to attenuation of 
scattered X-rays. The plastic should be made con­
ducting with a graphite coating, and operated at 
half the potential of the high voltage pla te, to mini­
mize field distortion . The X-ray beam is narrowly 
collimated to prohibit the penumbra from producing 
excess scatter by striking the walls of the tube, which 
should be as small in diameter as practicable . The 
ratio of ionization measured with the tube in place 
to that with it removed will give the fraction of the 
total ioniza tion tha t is contribu ted by scattered 
X-rays. As most of the electrons have short ranges 
(see table 3), the normal distribution of electrons 
generated by scattered X-rays in the chamber will 
not be significantly disturbed by the presence of the 
tube. A small error will be produced by the 
"shadowino'" effect of th e tube because it collects 
th e ionization produced between it and th e high­
voltage plate, prohibiting that ionization from arriv­
ing at the collector plate. This can be corrected 
with sufficient accuracy by simply taking into ac­
count the collecting volume lost by the effec t . D e­
tails of the application of this method to th e KBS 
standard chamber will be included in a later paper ; 
however, th e ionization from scattered X -rays in that 
ch amber was found to constitute 0.3 to 0.4 percent 
of th e total ionization , increasing slowly wi th 
decreasing energy. 

The net ionization loss of a free-air chamber is 
found by subtracting the measured contribution due 
to scattered X-rays from the appropriate figures for 
loss of electron ionization as given in tables 2 and 3. 

% % % % % % 

8.9 6.0 9.7 10.4 9. 9 27.7 
4.7 5.3 5.5 .5. 0 0.1 18.1 
2.7 4.6 3.5 2.9 4.0 I 1..5 
1. 6, 3.9 2.3 2.2 2.7 i . 2 
1.1 3.3 1.7 1.8 1.9 4.4 

.7, 2.6, 1. 3 1.6 1.4 2.7 

.fil 2.1 .9, 1.4 1.1 1. 6 

.35 1.6 .7, 1.3 . 86 .91 

. 2, 1.2 .5, 1. 1 . 68 .5, 

. 1; .8, . 4, 1.0 .55 .30 

.12 . fh .3, . 8; . 4 • .le 

. Os . 43 .2, .72 .36 .Ofr 

. 0, .2, . 18 .57 . 30 <. 05 
<. 05 . Is . 1, . 4, . 25 

. 10 . II . 32 .20 

. 06 . 0, . 23 . 1; 
<. 05 . 0, . 15 . 1.1 

<. 05 . 10 .12 
. 0, .1 6 

<. 05 . 0, 

5. Comparison of Grid-Chamber Results 
With Other Measurements 

Two chambers were constructed whose predicted 
ionization losses (from grid-chamber results) were 
large because of inadequate dimensions. Care was 
taken to avoid fi eld distortion in these chambers. 
The actual deficiency was then determined experi­
mentally for 200-kv X-TaYs with medium filtration 
by comparison with the 20-C111 standard chamber. 
In th e latter chamber electron losses and scattered 
photon contribut ions compensate one anoth er wi thin 
about 0.05 percent at that energy. 

T able 4 gives th e results for a chamber of 24-cm 
h eight and separations from 6 to 9 ~m . T able 5 
gives similar data fo1' a chamber 10 cm III height and 
the same range of separations . Agreement with 
grid-chamber predictions is good in both cases .. 

In th e light of these results and other conSidera­
tions, the limits of error of the electron-loss data in 
tables 2 and 3 are estimated to be ± 0.3 percent, 
except for the grid-chamber pIa te-heigh t inad equac:r, 
which affects only table 2. The loss figures are 

T ABLE 4. Com parison of predicted and meawred deficiencies 
for parallel plate chambers 

24 cm p late heigh t 

l:' rce~air 
chamber 

plate sepa­
ration 

em 
6 

l\1easured 
joni vltion 
deficiency 

% 
4. 9 
3.5 
2. i 
2. 1 

Ion ization a 
deFICiency 
from gd d­
chRmbf' r 

data 

% 
5. 0 
3.6 
2. i 
2. 1 

• These figures bave been raised b y 0.1 percen t to acco l1 nt for the estimated 
difIercnce in scattered p hoton ionization in the 20-cm sta nd a rd cha mber and the 
test chamber. 
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TABLE 5. Compm'ison of predict ed and measured deficiencies 
fo r pcuallel-plate chambers 

lO-cm plate height 

Free-air Ionization a 

chamber :Y[easurcd deficiency 
phte sepa- ionization from grid-

ration deficiency chamber 
data 

---------
cm ,. 

0 % 
6 6.0 5.8 
7 4, i 4.7 
8 3.9 3.9 
9 3.3 3.3 

• These figures haye been ra ised b)- 0. 15 percent for the rea'oo noted in table 4. 

probably within closer limits of error at larger plate 
separations, where the losse themselves are 
decreased. 

5.1. Comparison With Results of Kemp and Hall 

The results of the measurements of Kemp aru!' 
Hall [5] are expressed as ionization losses in cham bel's 
having square cross sections of various sizes. These 
ionization 10 s figure are compared with correspond­
ing figures from the present work in table 6, for 
100-kv X-rays. 

T ABLE 6_ Comparison 1cith work of K emp and IIall 

Electron ionization 
Square-cham ber Ionization losses of losses from gr id -

dimensions Kemp and IIall , ch aln bcr mea sur c -
100 kvp ments, 100-kv con-

stant potential 

em % % 
9.6X9.6 <0.1 0.7 
7.4 X7.4 .5 1.9 
6.5X6.5 1.0 3.0 

It is evident that large differences exist between 
the two sets of data, the ionization losses of K emp 
and Hall being smaller than reported here. Similar 
discrepancies were found to exist at the other kilo­
voltages as well. The most important factors con­
tributing to these differences arc: 

1. Difference in quality of the X-rays used. The 
copper half-value-layer obtained by Kemp and Hall 
at 100 kvp was 0.078 mm ,5 as compared with a value 
of 0.176 mm obtained in the present experiment_ 
K emp and Hall used a Villard circuit and 2-mm Al 
inherent filtration, compared with a constant poten­
tial generator and 3-mm Al inherent filtration. 

2. Difference in X-ray beam diameter . Kemp and 
Hall employed a beam about 1 cm in diam eter , as 
compared with the present 1. cm. 

5.2. Comparisons With Work of Others 

To facilitate comparisons \"ith other experiments 
at tkilovol tages difl:ering from those used for the 
present experiment, a graph of plate separation 
versus kilovoltage is giyc~n in figure 10 for medium 

, Figure supplied by K emp ill a prh'ate comillunication. 
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X-ray filLration. Also plotted on this graph are the 
point at which compleLe 6 eollecLion of ionization 
lVas observed by other inves LigaLors. COllstant­
potenLial kilovoltages were used in every case. Fil­
trations were not given excepL by Duane and Lorenz, 
who used 2-mm Al at 95 kv, but did not staLe the 
filtrations for other kilovoltages, and by Failla, who 
used O.l-mm Cu and 2.15-mm Al at 110 kv. One 
may assume a medium or light filtration was em­
ployed in all the other instances. 

The results of Taylor, Singer, and Charlton [9] are 
essentially in agreement 'with the present grid­
chamber data, since it is unlilrely that they could have 
detected by their method the very small increments 
of ionization existing at greater separations. Their 
ionization chamber was relatively free from E'lectric­
field distortion at separations up to 18 crIl., because 
of the long guard plates (25 cm ), the large collecting­
plate height (35 cm), and a ystem of guard wires, 
all enclosed in a tank of ample dim.ensions (65-cm 
diam by 213-cm length). The other data of Taylor 
[10] were given as part of a general survey pape r, and 
were not all obtained with an individual chamber. 
The point at 240 kv was taken from reference [9] . 
The other data were taken in two other chambers, 
each of which is now Imown, in the light of recent 
developments, to have been subjec t to considerable 
field distortion, accounting for the low values ob­
tained for the separations. 

The same explanation also applies to the results 
of Kaye and Binks [11], Dmme and Lorenz [12], and 
Failla [13]. 

Failla's work was particularly inLeresling, inas­
much as he made a careful sLudy of the field distor-

6 The other invcstigq iors w~cd the method of va ryin~ the pi3te se paration while 
observing the ionization current. Com plete ionization collection was assumed 
to exist at the point w here no detecta hl e increase in io nization was observed 
witb further incroas€' in sep'3ration. Their Inethods did 110t di fIerrntiate bctw(lCIl 
rlcctron ionization and that prociucC'd by scattered X-rays, but s imply measured 
the tolal of the tll'o. 
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tion existing within his chamber . His collecting-plate 
was divided into 11 adjaccnt vertical strips, each 3.8 
cm wide, so that he could measure the ionization in 
various volumes along the X-ray beam . H e found 
that the ionization currents colleeted by several of 
the centrally located strips were the same, and that 
the closer the plate separation, the larger the num.ber 
of adjacent strips collecting the same current. This 
was interpreted as an indication of the region over 
which no field distortion was present. One could 
equally well interpret the same facts as showing the 
region over which the distortion produ ced the same 
error in each strip . The latter would seem to be the 
case, since, in another measurement, Failla varied 
the plate separation from 6 to 20 cm and measured a 
constant current output from the central strip out to 
15-cm separation. The present work shows that the 
current should have increased by about 3 percent 
over this range of separations, for 110-kv X -rays 
with medium filtration. H ence, the effective col­
lecting volum e of the central strip probably decreased 
by about 3 percent because of worsening fi eld distor­
t ion. This has been substant iated by preliminary 
measurements of field distortion by Miller and 
K ennedy at the Bureau . 

The field-distortion problem is thus seen to be 
much more serious than has been heretofore sup­
posed, and new criteria must be established for 
designing distortion-free cham bel'S. This problem is 
now under investigat ion. 

The authors express their appreciation to H . O. 
Wyckoff for many helpful discussions relating to 
this work. 
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