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FORNARD

The first four chapters of Part IJ deal with the fundamental features
of ionization and the general properties of detectors based upon the
fonization process, The last five chapters describe the construction of
some typical detectors and their operation, Most of the detectors de-
scribed were.developed at the Los Alamos Laboratory, a few at other
prcjects connected with the development of the atomic bomb, It is not
intended to give a complete list of all detectors used at this project,

The material contained in Part II was collected with the collaboration
of many members of the Los Alamos staff, In particular, the authors wish
to express their appreciation to Dr, F, C, Chromey and Dr, D, B, Nicodemus,
who are vesponsible for compiling a large part of the information presented

and who contributed valuable discussion,

vi
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CHAFTER 8

BEHAVIOR OF FREE ELECTRONS AND IONS IN GASES (1)

8,1 GENERAL CONSIDERATIONS

The ionization of a gas by an ionizing radiation, as it is well known, consista
in the removal of one electron from each of a numter of gas molecules, This changes
the neutral molecules into positive ions. In some gases the electrcns will remsin
free for a long time. In other gases, they will, more or less promptly, sttach
themselves to neutral molecules forming heavy negative icrne, It is also prossible
for an'electren or a negative jon to recombine directly with a positive icn, giving
rise to a neutral molecule., This rhenomencn, hovever, will be of impcriance only
in the regions of the gas where the icnizstion is very dense, In an ionized gas
rot subject to any eloctfic field, the elecircns and ions will move at random, with
an average energy equel to the sverage therrmal translational energy of the gas
molecules, This is given by 3/2 kT, where k is the Boltzmann constsnt., At the
temperature of 15°, 3/2 kT is approxirately equivelent to 3.7 x 1072 eV,

When an electric field is present, the electrons and ifons, while still movirg
at ranme through the gas, will in addition underge & genersl drift in e direction
parallel to the electric field. At the same time their agitation energy will be
increased above the therral value 3/2 XT.

The average enerpy of electrcns or ions when en electric field is present is
generslly measured by its ratic € to the thernnl agitstion enorgy at 15%C, It may

be characterized also by giving the root mesn square velocity of agitation, u, The

(1)

The discussion rresented in this chapter follews tc some extent that given in
Hesly, R, H, and Reed, J. ¥., "The Behavior of Slow Electrons in Gsses", Amalgamated
Wireless Ltd., Sidrey, 1941. This volume will hs referred tc in what fcllows as H.R.

s - s
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,
relation between € and u is obviously:
€(3/2 XT) = 1/2 m? (1)
where m is the mass of the particle under consideratior. It may be noted here that
for positive or negative ions in an electric field, the average energy of agitation
is alwaye very close to the thermal valus, while for electrons it is often consider-
ably larger. The actusl value of € in a given gés and with a given electric field
is determined by an equilibrium condition between the energy supplied by the
electric field to the charged particles per unit time and that lost by these particles
through collisions with the gas molecules.

The phenomenon of the attechment of electrons to neutral gas molécules mentionad
above can be described by the attachment coefficisnt o« , giving the probability
of attachment per unit time, The coefficient £ depends on ths naturs of the gas
and on the energy distribution of the electrons. For a given gas and a given energy
distribution, it is proportional to the number of collisions per second; i.e., it is
proportional to the pressure.

The probability for an electron (or a negative ion) to recombine with a positive
ion in a given tine interval is clearly proportional to the denaity of positive ioms,.
Thus the number of recombination processes per unit volume and uhit time is given
by the expression

@ n n”
where n* and n” are the densities of positive ions and of electrons (or negative
ions) respectively. The quantity [ will be called thes recombination constant. It
depends on the nature of the particles which recombine as well as on their agitation
energy.,
8,2 THE DIFFUSION EQUATION FOR _JONS AND ELECTRONS IN A GAS,

The motion of the electrons and ions through the gas, as determined by the

action of the electric field and by the collisions with the gas molecules can be

described by a diffusion sguation. In the absence of an electric field, this

equaticn has the following fore:

APPROVED FOR PUBLI C RELEASE
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-

}J ® Dgrad n ' (2)

where n is the density of particles in question, D is the so-called diffusion
coefficient, 3'19 the current vector or, more accurately, the density vector for
the material current, the magnitude of which gives the net mumber of particles per
second crossing a surface of unit area perpendicular to its direction. The product
of 3>t1mes the electric charge of each particle (4¢e or =e) gives the density of
electric current, Whether an electric field is present or not, the collisions with
gas molecules are so frequent, or in other words, the diffusion coefficient is so
small, that the "transport velocity", defined as 37h, is always very small compared
with the velocity of agitation u.

We want now to write the expression for'a’in the case whers an electric field
is present., For the sake of simplicity, we shall assume that the field is uniform.
Then for any type of charged particle the average energy of agitation and the
diffusion coefficient (which is a function of the energy of agitation) are also
constant in space,

The equation required can be obtained by considering the momentum balance in
a volume element within the ionized gas., The total momentum of the charged particles
in the volume element under consideration is modified (a) by the action of the
electric field on the charged particles, (b) by the collisions of the charged
particles with gas molecules, and (c) by exchange of charged particles with meigh-
boring elements, The rate of change'of the momentum per unit volume due to the
electric field is néﬁi wheraif?is the electric field strength; that caused by loss
through collisions will be denocted by JZ. In order to calculate the rate of exchange
of momentum with the neighboring elements, let us consider a surface element 4S5 in
the ionized gas and a unit vector a perpendicular to 4S. If we consider?as
negligible compared with nu, and if we assume for a moment that all of the charged
particles under consideration have the same velocity of agitation u, the mumber of
particles per second cressing dS and moving at angles between @ and H+ d& with
respect to & is given by

APPROVED FOR PUBLI C RELEASE
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1/2 mcos £ sin 3 dF

The total momentum carried by these particles is, for reason of symmetry;in

the direction of??and has a value
(1/2 ma cos > 8in© d 3 ) mu cosi;

Integration over £ from O to % /2 gives the following expression for the increase

of momentum per unit time on that side of 4S toward which the vector_:'is pointing

. 1/3 nmi? o &S
Hence the rate of increase of momentum in a volume A bounded by a closed surface
S has the expression
j1/3 mrmz?ds=-]l/3mu2gradnd1l
A

.7s

from which it follows that the rate of change of momentum per unit volume is

- 1/3 mu? grad n

This expression is valid also if the charged particleg do not all have the same
velocity of agitation, provided one considers u as the root mean square velocity,
The principle of conservation of momentum is then expressed by the following squation

neﬁ’- 1/3 mu2 grad n -]K H d(mjz

at

The quantity to the rightehand side of the above equation represents the rate of
change of the net momentum of the charged particles contained in the unit volume.
Its value depends on the value of the diffusion coefficient D, while the lefte
hand side of the equation contains terms (like nSE) which do not depend on D, In
most practical céses, D is so small that d(mj)/dt is negligible compared wifh the
terms on the left-hand side of ths equation (just as the transport velocity.j/h is

negligible compared with the agitation velccity u). Thersfore the equation above

may be written as follows
APPROVED FOR PUBLI C RELEASE
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mek - 1/3 mu2 grad n = ¥ (3)
In order to determine M we note that E., by its nature, must be a definite function
of 3: independent of whether the current which Trepresenta is produced by a
gradient of the density or by an slectric field, The form of this function can
therefore be determined from Equatiors2 and 3 under the assumption'ﬁ'- 0, One

obtains:

¥ 1/3-.&;..- Kl (4)

With this expression for Md, Equation 3 becomes
J 5 Deadné D nek (5)
mu
The drift produced by the electric field is best described by the drift
velocity _i’; which is defined as the velocity of the center of gravity of the charged

perticles in the uniform electric field.(l)

(1)

The drift velocity W may also be defined as the average vector velocity of
all the charged particles under consideration, as opposed to the transport velocity
T/n, which rerresents the average velccity of the particles contained in a volume
element at a given point of the pgas,

According to this definition,?is given by the equation

»

—_ - -

W2 Ta/ [ nan (6)
where the integrations are extended over a volume which contains all of the
mrticles under consideration, Since n is zerc at the surface which limits this

volume,f grad n dA is gero, It then follows:
3

w: —20 . (7)

or rementering Equation 1,

—

D E ‘ : 1
—kT e (7')
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Equation 5 can now be rewritten as fcllows:

-

J 5 Dgrad n + W (8)
Let us ccnsider = region of the gas where no ions or electrons are formed
and ncne dissppear by attachment or recombination, In this regicn the rumber
of particles of each type iz conserved and the followirg Equatien helds

S5 s g o

which, together with Equaticn 8 gives

g n

<t S D div grad n - div (wn) (10)

Fe want to apply this equaticn to the problem of determining the motion of
e mmber of particles produced in a very small volume at the time ¢t = O, Mathemat-
jcally, this means sclving Equation 10 with the condition that the soluticn should
beccne ;cf'-function for 4+ = 0, If we write Equation 10 in cartesian coordinates
with the z axis in the direction of w and introduce the traneforration

2! = z2ewt

we obtain the ordinary diffusion equation without convection. The solution of this
squation for the boundary copdition indicated is well known (see, for instance,
Slater and Frank, "Introduction to Theoretical Physics", McGraw Hill, 1933), By
transforring back to the origiral variables one finully obtains the following

expression for n:

- x2 & yz ¢ (z - !t)2

TR R (1)

whore N is the tctal number of particles and

n(x, y, 2, t)

3

22 (&) = 2mpt (12)

Physicslly, the solution represented by Equation 11 irdicates that the

particles, originally conteined in an infinitesimal velume at the origin of the
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4

coordinate system, drift with an average velocity";?in the direction of the positive
z axis and at the same time, spread into a cloud which bscomes increasingly
diffused as time goes on. The length V4 represents the root mean square distance of
the particles from any plane through the center of gravity of the cloud at the

S
time t, Equation 12 shows that £ increases as the square root of the time.

8,3 MEAN FREE PATH,- ENERGY LOSS PER COLLISION, MIXTURE OF GASES,

One often finds the drift velocity expressed in terms of the mean free path
between collisions of the charged particles with gas molecules. This mean free
path is inversely proportional to the pressure, Its value at the pressure p will
be indicated with A/p where /L 3is the mean free path at unit pressure. The
relation between w and A /p can be determined easily if one makes the two following
crude simplifying assunptions: (a) all of the particles under consideraticn have‘
the same agitation velocity uj (b) the direction of the motion of the particle
after the collision is completely independent of the direction of its motion before
the collision., Under these assumptions, each particle undergoes on the average
(up//l. ) collisicns per second, in which it loses on the average a momentum equal
to (up/ A ) n¥, On the other hand, each particle gains every second a momentum
equal to éfthrcugh the action of the electric field, Hence, once equilibrium is

established, the following equation holds:

—Lpny = eE (13)

or

W 8 A ?

m u p . (12)

%
[ ]]

Similarly, cne may express the mean agitation energy € in terms of A and of
the averaée fracticnal energy loss per collision, which we shall indicate with h.

The rrinciple of conservation of energy gives the following equation:

€(3/2x2) wp/A)h = eEw (15)

APPROVED FOR PUBLI C RELEASE
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®e kncw, of course, that neitber ¢f the two conditicne (a) snd (b) mentiored
above correspcrds tc reality. However, we can always consider A and h as two
quantities which are defined in terms of experimental quantities by Bquations 13
and 15, and are rerresentative of the mcmentur loss and of the energy loss threcugh
ccllisions., If we tuke this view, Equeticn 13 states the cbvicus fact that the
momentum loss per second thrcugh collisions is proporticnal to the rressure, to |
the drift velccity and, for a given pressure and drift velocity, it deperds on the
nature of the gas and on the energy distritution of the particles under consideration.
Similarly Equation 15 indicates merely that the energy lcse rer second through
coliieione js proportioral to the pressure and that this loss derende on the nature
of the gas and the energy distributicn of the particles. ‘

In pravtice, A and h can te determired as a function of € for s.given gas
by measuring"?"and € as a furnction of E{p. Equatione 13 and 1 will then provide
the functional relaticn between A and € , while Equations 15 and 1 will provide
that between h/\ and €

The -quantities A and h are particulerly useful in connection with the problem
of determining the behavior cf electrons and icns ip a mixture of gases fror data
relative to their behavier in the puro_compcnents. For tl:is purpose we will make
the hypothesis that the energy distritution of the charged particles whether in a
mixture cf gases or in any pure gas, is completely determired by their aversge
energy € . It wculd be difficult to justify this hypothesis except by the remark
that it seems to lead tc results in agreement with the exrerimental data.

Now, let p, be the total gas rressure and let pj, p2, P3, etc., be the partial
pressures of the various compcnents., Similarly, let /\o and ho be the wsluss of A

and h for the mixture, let Al, A )\3, etc., and h_, h h3, etc., be the

2’ 1' 2’
values of the same quarntities for the varicus components, If we write that the
average mcmentum loss and the average energy lces cf electrcns cr ions in the mixture

are cqual respectively to the sum of the average mcmentum losses and tc the sum cf

the average energy lcsses ir the separate comporents, we obteir from Equations 13
APPROVED FCOR PUBLI C RELEASE
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and 15 the follcwing equations (after dividing each equation by a factor, which

‘ is the same for all terms since it cnly derends on W, m, u).
pO//lo = pl//\l +p2//\ 2+ FB/,\ 3 ¢ cesccee

After A o and h have been calculsted by means of Equation 16, Equationsl? and
15 can be used to compute € and ¥ as functicns of E/p for the mixture,
The diffueion cecefficient teoo may be expressed in terme of A By compax"ing

Equations 14 and 17 one oblains the welleknowsn reletion

b= -‘%‘py—. (17)

So far we have assumed that the electric field is uniform, If the field is
not uniform tut does not vary appreciably over a distance of the crder of one meesn
free path, we may still define an average agitstion erergy € ; this quantity,
however, as well as all the quantitiies which derend on € , like D, A, h, will vary
from point to point, The fundementsl Equaticn € will still hold, provided the
current produced by the gradient §f "temperature" is negligible compared with that
produced by the electric field or by the gradient of dersity.

Anotl:er question concerrs the time interval between the mcrent when the ions
are produced and the moment when they reach the equilibrium condition between loss
and gair cf momentum which leads toEquaticn €, This time is of the order c¢f the
tine between ccllisicne A /pu which, at atmcspheric pressure is genrerally between
10721 ong 10712 seconds.

For the convenierce of the reader, we list in Table 8.3«1 the symbols for the
rost irpertant quartities defired abeve, along with the units in which they are

measuread,

APPROVED FOR PUBLI C RELEASE
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Table £,.3~1

Liat of Symbcls

Symbol Quantity f Unit
J i
‘l L
u 1 Root mean square velocity of ‘ cm/sec
i agitation
! . -2

€ ;. Averange agitation energy . (3/2)xT = 3,7 x 10 ~ eV(at 15°C)

v Drift velccity T cm/sec

p . Diffusion coefficisnt cmz/bec

p :. Pressure .nm Hg

! .

N i Mean free rath at 1 mm Hg ’ cm « (mm Hg)
Fractional energy loss per . dirersionless
collisicn :

78 f Attachment coefficient sec™!

¢ ' Recombination constant : cm?/sec
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8,/ EXPERIMENTAL DATA RELATIVE TO FREE ELECTRONS
Equation 14 indicates that the drift velocitysis a function of the ratio

E/p. Experimental deterrminations of the drift velocity of electrons confirm this
relation, "™e dependence of W on E/p is given for a number of different gases in
Figures 1 to 6. Mcst of the dats used in the construction of these graphs were
taken from the beck by Healey and Reed, "The Behavior of Slow Electrons in Gases",
where variocus methods for the measurement of‘Ei € and o« are descrived. Some were
obtained at Los Alamos by the methods describved in Section 10,8,

VWe wish to direct attentior to the data obtained with argon-002 mixtures and
shown in Figure 6. One sees that, for a given value of E/p, the drift velocity in
a mixture containing a large proportion of argon and a small propcrtion of 002 is
congiderably greater than in either rure argon or pure €0, (see Figures 3 and 4).
This fact, which was estatlished thrcugh exrerinents carried out at Los Alamos, is
of coneiderable practical importance for the comstruction of "fast" chambers, The
phyeical resson for it can be understéod through the following analysis,

Irelastic collisions between electrons and gas molecules occur only when the
electrons have an energy larger than the energy of the first excitation level of the
melecule. Argon is & moncatomic gas, and the first excitation level cf the argon
atom is 11,5 eV, Hence irn pure argon, even with moderate fields, the electrons
will reech a very high agitation energy, namely of the crder of 10 eV or &€ >
30C, This is confirmed by direct measuremenie, ac shown in Figure 9, In 002,
however, inelastic collisions occur very frequently for small electron energies,
becaure of the large number of low excitsticn levels of the 002 molecule, It
follows that the addition of a small amcunt of 002 to argon will reduce the average
energy of the electrons considerably (from about 1C eV to about 1 eV, with 10 per
cent CO, and E/pr =2 1). In a mixture containing only a small amount of 002, the

drift velocity ie limited mainly by the collisions with the argon molecules. The

mean free path of electrons in argon incresses rapidly with decreasing energy in

the energy region between 10 and 1 eV, a phenomenon known as the Ramsauer sffect,
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Figure 1

Drift Velocity of Electrcns as a Function of E/p in H, and N,
(Towrsend and Bailey; H.R. pp. 92, 93)
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Figure 2

Drift Velocity of Electronsias a Function of E/p in He and in Ne Containing
1 per cent of He,
(Townsend and Bailey; H,R., pp. §9, 90)
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Figure 3

Drift Velocity of Electrons 8s a Furcticn of E/p in Argon.

A Townsend and Builey; H.R., p. 91.
o Los Alamos, F = 84 mm Hg
+ Les Alamos, P = 1274 mm Hg

The Los Alamos data at p S 86 mm Hg were obtained from observa-
ticn of «-particie pulses, as descrited in Section 10,8, Their
gccuracy was estimated to be about 20 per cent. The data at p &
1274 mm Hg were obtained by means of the pulsed x-ray source,

as described in Section 10,8. Their accuracy was estimated to be
about 5 per cent. The disagreement between the various sets of
measurements 1s very striking snd not easily explained, eszpecially
if compared with the good agrecement obtained for COp with differ-
ent methods (see Figure 4). It is possible that it may bte due, in
part at least, to differert degree of purity of the gases used,
since the drift velocity in arpgon is strongly affected by impurities.

APPROVED FOR PUBLI C RELEASE



APPROVED FOR PUBLI C RELEASE

V)

2.2

£

e
2.0

1.8

1.6

1.4

1.2
VOLTS ~~CM:MM. Hg

1.0

5

8

,/'/,

N\

’.A’
4

2.

20

1.9

@

™~

"]

MM ¥ M N = O o @© N~

APPROVED F@%g [~ BE};\EAS'E

!




APPROVED FOR PUBLI C RELEASE
15

Figure 4

Drift Velocity of Electrone as a Functicn of E/p in co,
=1 kudd (=ee H.K., p.98)
x Skinker (see H.R., p. 99)
/. Los Alamos, p & €60 rm Hg
& Les Alamos, p = 305 mm Hg

X Los Alamos, p & 160 mr Hg
The Lcs Alamos deta were obteined fron observotion of

ox «particle rulses as described in Section 10,8.
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PAS)

Figure 5

Drift Velocity of Electrone as a Function of E/p in BF
A BF4 from CeHoNzEF, . p % 379 nm Hg 3
.~ BFZ frow tank p » 388 mm Hg
XBF3 from CcH NZBFA’ p 2 339 mm Hg
UBF; from tark, p = 294 mm Hg
The gata were obtained from cbservation of ox -particle pulses
as described in Secticr 10,8,
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Figure 6

Drift Velocity of Electrons as a Function of E/p in mixtures
of Argon and C02. (The data were obtained from observation
of ¢ eparticle rulses as described in Section 10.8).
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Since the drift velocity is directly propertional to the mean free path and
inversely propertioral to the square rcol of the agitation energy (see Bquation
14) the decrease of the latier quantity caused by the additicn of 002 to argon
will, in two ways, result in an increase of the drift velocity. We wish to remark
here that the experimental values of drift velocities are by no means as accurate
as one would desire, This applies also to the values obtained recently at the

Los Alamos laboratories. Here the pressure under which the work was conducted
made it impossible to carry out measurements of high rrecision when high precision
wag not needed for the immediats objective to be achieved. It is felt, however,
that the methods developed at Los Alamcs (seeS ection 10,8), when properly applied,
would be capable of yielding accurate results,

The average agitition energy ¢ , according toEquation 15, is also a function
of E/p. Figures 7 tc 10 give the dependence of € on E/p for free electrons and
for a nunber of different gases. The experimental data was taken from the bcok
b; Healeoy and Reed, quoted atove,

The attachment coefficiente is practically zero for H,, He, A, N, CO2 if
these gases are sufficiently pure. Some experimental data on the attachment of
electrone in two of the most common impurities, namely O2 and;Hzo, are sumrarized
in Figure 11, The ordinates in this figure give the ratio o¢ /pw which represents
the probability for electrons to attach themselves to a gas molecule while
traveling one centimeter in the directior. of the field in the gas at 1 mm Hg of
pressure, |

No reliable data on the recombination of electrcns with positive ions are
aveilable., According to Kenty, as quoted by Loeb (Fundamental Frocesses of Electric

Discharge in Gases, Wiley, 1939, p. 158) the approximate value of the recombinatien

constant for electrcns in argon is

g5 2 %1070 cm3/bec
The values of (3 for other gases do not seem to differ materially from that
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Figure 7

Mean Electron Energy as a Function of E/p for Ha and N,
(Townsend and Bailey; H.R., pp. 92, 93)
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Figure 8

Mean Electron Energy as a Function of E/p for He and Ne,

(Townsend and Bailey; H.R., rp. 89,90)
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Figure 9

Mean Electron Energy as a Function of E/p for Argon,

(Townsend and Bailey; H.R., p. 91)
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Figui'e 10

Mean Electron Energy as a Function of E/p for co,

(Rudd, Skinker; H.R., pr. 98, 99)
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Figure 11

Probability for Electron Attachment per cm Fath at 1 mm Hg

as a Function of E/p in 0, and H,0 (Healey and Kirkpatrick;
Bailey and Duncanson; H.R,, pp. 54, 99)
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relative to argon. It must be rointed out here that the ions are seldom uniformly
distributed in.the volume of the gas, This is especially true when the ionization
is produced by heavily ionizing rarticles like ox -particles. In this case, of
course, the actual density of positive ions at the place where electrons are present
determines the recombination rate, and this density may be considerably hi’gher than
the average volume density, at least ag long as electrons and positive ions have
not diffugsed sufficiently far from the place where they have both been produced.

The recombination of positive ions with electroms (or negatiire ions), which takes
place before diffugion spreads these perticles apart, is cften referred to as
"mreferential recombination" or "columner recombination®,

The root mean square velocity of agitation u, the diffusion coefficiert D, the
mean free ?ath A s and the fractional energy loss per ccllisicn h can all be
obtained from the experimental values of w and € , as explained in Segtion 3. A
significar;t quantity is [2_5%, which gives a measure for the lateral diffusiocn
which electrons undergoc while travelling a distance of one centimeter in the gas
(seeE quations 11 and 12), This quantity is related to the average agitation energy

€ by the simple equation

(@ = |22 - 5}@-1952 = (18)

where E is measured in volts per centimeter and y 2D/w in cmi. The values of w, &,

‘ ——
u, A /p, /2D/w for variocus gases at 1 atmosphers (760 mm Hg) pressure, and with

E S 760 volts/em (E/p = 1), are listed in Teble 2,4-1.
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Table 8.4-1
Drift velocity (w), average agitation energy (e ), root mean squaere agitation
velocity (u), mean free path ( A /p) and lateral diffusion per cp path ( {rAZVD/')
for electrons in various gases at 1 atmosphere pressure, with E = 760 volts/cm

(E/p = 1). Values derived from the tables given by H.R.

Gas w(106cm/sec) € uf 106cm/ sec) A/p(10%4em) /~ D/w (20™2cu?)
H, 1.2 9.3 35 0.3 - 2.5
He 0.8 53 84 . 045 6
Ne 1.2 214 168 1.5 12
A 0.6 287 195 0.9 1
5, 0.9 21.5 53 0.3 3.7
co, 0.55 1.5 1 0,06 1.0
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EXPERIMENTAL DATA TIVE TQ FOSITIVE A TIVE JONS.
A large number of experiments have shown that the drift velocities of
rositive and negative ions for a given gas and for a given rressure are quite

accurately proportional to the electric field strength,

%1 = E |

w = /»‘ E (19)

The proportionality factor//4~is called the mobility, and is measured in
cm/sec per volt/em (or cm?/volt sec), For & given gas and a given electric
field, the mobility is inversely proportional to the pressure.

The values of (¢ for positive ions in a number of gases are listed in
Table 8.5-1., These values were tsken from the article of Loeb in "International
Critical Tables" (1929, Vol. VI, p. 111). The mobilities of negafive jons, when
negative ions exist, are nearly equal, but generaliy slightly larger, than those

of the corresponding positive ions,

Table 8,5-1
Mobilities and diffusion coefficients of positive ions in various gases at

cne atmosphere pressure ( p = 760 mm Hg)

Gas H2 He A N2 02 002 Air Ethasa
Lt 5.6 5,1 1.3 1.3 1.3 0.8 1.3=1.4 1.07
(em/sec per (nog.ions)
volt/cm)
D 12 - - 3 2- 5'300 2.5 2-8

(10-< em</gec)

The diffusion ccefficient D; according to Ejuation 7' is related to the
mobilitx/bk by the following equation

p = —é-—;n-——-f«, | (20)
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If one recalls that kT/e = 2.5 x 10™2 volts and if one remembers that for

positive or negative ions, £ is always close to one, one can writs
D 3 2,5x 107 ticn?/gec (21)

In Table 8,5-1 some experimental values of D at one atmosphere pressure are
listed along with the corresponding values of «~ (from International Critical Tables
Volume VI, p. 115), O:; account of the modera/t.e accuracy in the measurements of both
D and 4 , Byuation 21 may be considered as fairly well verified.

The data on the recombination of positive and negative ions are very inaccursts,
For most gases the values of the recombination constant (& seem to be between 1 and

<6

2x10 cm3783c, which is about 104 times larger than the recombination constant.

betwesn positive ions and electrons,
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CHAPTER 9

OFERATION OF IONIZATION CHAMBERS WITH CONSTANT IONIZATION

9,1 GENtRAL DESIGN OF AN IONIZATION CHAMBER

The essential parts of an ionization chamber are two electrodes
kept at different potentials and a gas'which filis the space between
the two electrodes. The electrode to which the measuring instrument

is attached is called the collecting electrode. The collecting

electrode is ordinarily (but not necessarily) at a potential close
to ground potential., The other electrode, which is ordinarily kept
at a constant voltage, V,, of several hundred to several thousand

volts, is called the high voltage eslectrode. The collecting electrode

is usually supported through insulators by another electrode which
is held at a constant voltuage, approximately equal to that of the

collecting electrode itself, and is called the puard electrode. This,

in turn, is connected through insulators to the high voltage electrode,
The purpose of the guard electrode is to prevent leakage currents froa
reaching the collecting electrode., Also, the guard electrpdé is usﬁally
so shaped as to prevent irregularities of the electric field near the
edges of the collecting electrode., The géneral design of an ionization
chamber is schematically represented in Figuré 1.

Let us consider the volume limited by the surface of the collecting
electrode, the tube of forée passing through the periphery of the
collecting electrode and that portion of.the high voltage electrode
which is intercepted by this tube of force, Tﬁis volume will be called

the sensitive volume of the chamber, Every ion of sign opposite to

28
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‘Figurs 1

Schematic dlagram of an ionization chamber.

APPROVED FOR PUBLI C RELEASE

- =L



APPROVED FOR PUBLI C RELEASE

2 i
%
/]
/]
¢ =
? 3
/'—'G
?
M —
' L
<

APPROVED FOR PUBLI C RELEASE




APPROVED FOR PUBLI C RELEASE
30

that of the collecting electrode formed within the sensitive volume

will reach the collecting electrode, providec diffusion and

recombination ¢an be neglected.

9,2 CCNSTANT IONIZATION;DIFFUSION AND RECOMBINATION
Let us assumeinow that the ionizetion chamber is irradiated
with a source of ionizatien of ccnstant intensity, and let n.(x,¥y,z)

be the number of ilon pairs produced per unit volume and per unit’
time at the point (x,y,z). Let n*(x,y,2z) and n~’x.y,z) be the
densitices of positive and negative carriers, rezpectively: 1

— .

(x.7,2) and w~ (x,y,2z) be their drift velocities. For the sake
of simplicity we will assume that the negative carriers are all of
one kind, i.e., either free electrons (no attachment) or negative
jons (complete attachment), If we neglect diffusion the current
vectors for the positive and negative particles are given by

—1 A - -
=n"w', 3= nTw” (1)
If we moreover assume that no recombination takes place, the
following equations hold:
—p —
div J* = div j7= ng (2)
The density of electric current has'the expression
— -
&3 e(F ) = olntmtarin) - (3)
and from Equation 2 it follows
—p
div j=0 (4)
-
If we neglect diffusion, j is parallel to the lines of force,
and it follows from Equation 4 that the total current through any
surface intercepted by the lateral boundury of the sensitive volume

has the same value I. This may be called the jonization current in

the chamber. We may expect I to eoqual the product of e times the number
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of ion pairs formed in the chamber per seccnd:
I=e/n, dA (6)
A

whers A is the sensitive volume of the chambter. Actuslly, Equation 5
oan be éssily shown to be & consequsnce of Equations 1, 2 apnd 3.
Suppose, for instaflce, that the §ollooting ¢lectrode is negetive,

Ve have: ' |

ﬁo ﬁiv (n w*) d&zf‘ * ds

where 3 ig the surrAce which ]imits the sensitive volume and wh .
indiemtes the component of w*in & direction perypendicular tc this
surface and pointing towards the ocutside of the s;nsitivs volume.
Now-;%' is zeroc alcong the lateral surfece, while n' is zero cn the
surface of the high voltage electrode which is assumed to be positive,
This osn be egsily seen if one reslizes that the pesitive ions, as

soon &g they are formed, drift avay.from the positive electrode and are
not replaced by positive, ions coming from behind this surface, For

the same resson, n~ is zero et the surface of the colleoting electrode,

Fence, if we indicate with §  the surface of the collecting slectrode,

' -, =
efnoda—:eﬁi'wn* dS=8 )}, ¢8
A

S” 3-

we have:

Whi(;h proves Equation 5.
Thus the problem of dotermining the ionizatlon currenit when
diffusion snd recombination are negleoted is & trivial one,
We will disouss next the problem of determining, under the same
sssumptions, the spsce charge distribution, which is defined by
| pz8 (n'-n") {6)
‘For the doterminaticn ot/o wo nust consider, in addition to

Bquations 1, 2 and 6, the equationa for the electric field strength
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.—)
divE =4T, (1)
A r
curl E = O (8)
— —3 -

and the squations which relate w ¥ and w to E.

The mathenntiocsl problom is, in ger;eral, rather involved. However,
it becomes eesy tc handle in the case of some simple geomotries or when
the density of jonizetion is sufficiently small so as not to affect
appreciably the field stength (and thsrefcre the drift velocities).

Consider, for instance, a parallel plate ohamber, We sasumd that

its collecting electrode is gurrounded by an apprepriufe guard elsctrode
so that the slectric field is practioally uniform ur to the boundsry of
the sensitive wolume. We take as a {rame of reference a oartesisn
coordirmte system with its origin on the positive electrode and its x
axis in tho direction of the electric field. Ist ts suprose that the
enamber is uniformly irrsdiated over the active volume uand outside of
it for a sufficient distance from its boundary sc that any additional
vlectric field produced bty the srace charge is alsc parallel to the x
axis and indeperdent cof the y,z coordirates.

The problem then hecomes one ‘dimensional and Fquaticn 2 can te
in:begrated imrmediately. If Equation 1 arnd the toundsery conditions st the
two electrodes are taken intc aceount, ore oblalnag

n*w:'_—. n'w = ngx (9)
-nw s n"wW=ng{d - x)
where d is the separation of the elsctrodes and w’, w are the absolute

vwlues of the drift velocities, Nquation 7 now beccmes:

dE = 4778 n, [x/w+ - (d-—x)/w"] - (10)
d x
If w* and w” are kmown functions of E, Equation 10 can be solvea,

at least in principle.,
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The problem can be simplified if we remamber that w* is proportionsl

to E and so is w™ if the negetive ocarriers are ions. In this case, by

introducing the mobilities/z 'hnd//(- » Equation 10 beooumes:

dB‘4'n‘e§2 (“l_-d-x) (11)
d x At 2
which gives:
£ + conste= 470 ng (§E+(d-x}2 i
v /("
where the constant is determired by the condition
d
5‘ E d x = VO (18)
U

On the other hand, if the negative carriers are electrons, then
w™ is of the order of 1000 times w' and no large error is made by
neglesting the second term in the parentheses ¢f Equatiion 10, sc that

cne obtains: |
2 z ‘
E' + conste= 4Jen, (14)
¢+
lat us now simplify the problem further by ussuming that the

eleotric field produzsd by the space charze is small comparsd with the
externally applied rield; {.8., 13t us put
B= Vp/d + E
ET
with
E

/O
Equation 13 giveas for %p the condition w]édx: O. Then w' and w in

& V,/d

Equation 10 can be oonsidersd as constant, In the cagse of negetive ions,

und under Lhe assumption that “he motilities of positive anl negative ions

are the same, (w = w =w ), one obtaine:
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2
530 = 47 e n, (x? - xi+a“/6)
w

+
n = n

;,—o-x (15)
n~ = LY (d-c-c)

w

L = ° Bo (2 x -4)
w

In the cuse of free slecirons and again under the assumption

the solation is:

= 2 7e g (Xz - dz,"\?)

w+

+
v (16)

935 CONSTANT IONIZATION: DIFFUSION AND RECOMSINATION NOT
NEGLREZTRD

———— e i+ 2 o

If the diffuslon is taken into ascount, then the sxpreossions for the
- -3
current vectors j* and J7 are (seo Equation 8.8):
-3 ~>
jt=n"at - o* grad n’

?" = n w~ «D grad n~ (17)

while, if rocumiinatlon is not neglooted, ¥ijuations 2 are replacsd by

the following equations:
- -

div j*=div j = no-za’ n” (18)
!

The density of electric currant is still siven by the equation:

- > 2.
ej::e(J_J ) (19)
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Howevor, § 48 nc longsr parallel to the lines of forcej; hsnce the

total elestrie curront will no longer be the same across every surface -
intersepted by the lateral boundary of the sensitive volume, and the
current I thrcugh the measuring instrument will no longer squal the total
enarge ej(;o d A produced within the sensitive volune &n the unit time.
The ocurrent I can be caloulabed essily if one assumes tha® the effects of
reccmrination &nd diffusion are smll 8o that they may be treated as
ocorrections. If, for instunce, the collacting slectrode is negative, I
has the oxpression .

i=8 {j; -J‘:)'isge\[nodA'%*n—dA -e!j; ds-eﬁ; a8

- far s * T

whera §.1s thej%hterhl ooundary of the sensitive volume; s"is the boundary
at the positive sloobrodu,

For j+and j we suostitute Lhe expresasions glven by Ejuations 17 in
whick, according to our assumphtion, ﬁ*and n are oalculated by disregarding
the effects of recombination and diffusiorn (see Sectiun 2). Simes n' is

zoro &t b n” is zero at S and %, is zero et 5, , wo obtain:
Inﬁjn d A ..efnn-dﬁ ‘
o S .
: g (20)

- - +
-+e~fﬁ (grad n”) 4 S+e§rb (grad n¥) 48
Sw n <+ n

+ ojr." {grad nt) d 8
S n
Ths physical intorpretation of Equation 20 is quite simple. The number
of positive charges onteriny the collectinz(nezative)electrode is equel to
the numher ol positive ions formed in the active volume {first term), minus
the nwunter of positive ions which recombine (second term), minus the number
of positive jons which diffuse back to the positive olestrode (fourth term,

always negative), minns {or plus) the number of positive ions which diffuse
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out of (or into) the sensitive volume through its lateral boundary {fifth
term). 1In order to obtain the éurrent in the measuring instrument from
the number of positive charges entering the cbllecting eloctrode, one
nust subtract the number of negative charges which diffuse back to this
eleotréde (third term, always negative). The term qjhno d A, whioch
represents the saturation current, is independent ;} the voitage apglied;
oxcept insofar ag the lateral boundary of the sensitivs volume is
mod] fied by the field produced by the space charge. The other teras
deorpase with increasing voltage. In the above caloulation, the
hypothesis has been made that the reflection ccefficlent of the elestrodes
for slesctrouns and ions is'negligible, so that every ocharged pafticlo
which impingos upon & given electrode is captured. .

Such & hypothesis 1id not enter in tho calculation of the current
carried out in Seotion 2. 1In fact, when diffusion is negligidbls, ions
of & given sign always end up on the slectrode of the opposite sign,
even if some of them are roflected when they first impinge upon it.
When, howewver, the diffusion is appreclable, a coertain nuqber of 10ps.
diffuse back to the electrode of the same sign. If some of these ions
are reflectsd, the elactric field will most likely prevent them from
reaching this eleotrode again. On account of the small velocity of
" elactrons and ions in gases, the hypothesisthat the reflection coefficient
is negligible is probadbly wvurified gquite accurately in all cages of
practical importancs, '

*

Let us consider now,. a3 an example, a parallal plate chamber,

uniformly irrediated over its active volums and beyond it for a

suf'ficient distance from the edge of ths collecting eleotrodse. Then

the last term in Equation 20 is 2zsro,
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If wo use the values of n*, n~ given by Equations 15 or 16 and
indicate with S the surface of the collecting elestrode, the expression

for I beocomss:

1/S<end - 6/810,2 4% {21)
wtw” 6
_ -+
~eD n, -8D ng
W w+

The fractlonal values of the last two Lerms which represent the lack

of saturation caused by diffusion have expressions of the type
D/d w =€{2.5x10™ / V) (see Equation 20).

Now€ is practically one for .ons, while it mey te of Lhe order 6f several
hundred for electrons. Hence, in the case that the negative carriers
are elestrons, the effect of diffusion may become appreciable for walues
of Vo of a few hundred volts. If, howsver, the negative carriers are
ions, the offect of diffusion becomes appreciable only at much lower
values of V,s The fractiomsl value of the term which represents the

racombination is:

pa
' 6 wtw™
fhen the negativy ocarriers arv iona, we may take /9:-2 x 100 ana wt
=wwle3 E. For d=1 cm the recombinatlion corraction thus becoues
2 x 107 _Bo
"“‘r"‘f o With an intensity of ionization of one roontgen per

o
9.
socond (n,=z 2 x 10 ) and V,= 100 volts,the corrsction is about four

per c¢ont. The corrgction is enormously smaller when the negative carriers

are froa eloctrons.
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CHAPTER 10
OPERATION OF IONI1ZATION CHANBERS WITH VARIABLE IONIZATION

10,) GENERAL CONSIDEKATIONS
The results obtained in the preceding section are valid not only when the

source of ionization is constant in time, but also when its intensity varies with
time, provided the variations are sufficisntly slcw, By sufficiently slow we mean
that no appreciable change of intensity takes place in & time of the order of the
.transit time of the positive ions through the chamber, This time is usually of the
order of milliseconds, We will now consider the case of a rapidly varying ionization,
which includes, as a limit, the case of a large number of ion pairs being prfduced
simultanecusly in the chamber by an ionizing rarticles like, for instance, an A\~
particle,

In order to calculate the current in the external circuit as a function of
time we have now to conzider separately the charges induced on the collecting
electrode by the motion of the various types of charged particles present in the
gae, For the sake of simplicity and also bacauss this is practically the most
important case, we will assume that no attachment takes place, so that the negative
carriers ars free electrons, Alsc, recombination and diffusion will be neglected.
Furthermore we will assume, for the time being, that the main part of the ionization
is produced sufficiently far from the gusrd electrode so that the charge induced on
the guard elactrode by the motion of the ions and electrons can be disregarded. The
"edge effects®, i.,e,, the phenomena observad when the charged particles move ip the
neighborhocod of the boundary of the active volume, will be discusced separatsly in
Secticn 7..

Under the above assumptions, the effects of the motion of charged particles

between the electrodes of an ionization-chamber can be calculated most easily and

mo8t generally by applying the principle of conservation of energy,
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Let us consider first an ionization chamber connected tc a voltage supply
through a current meter as indicated in Figure 1, and let us assume that the
reasistance of the externsl circuit is negligible so that the collecting electrode
will be permanently at zero voltage, while the high voltage electrode will be at
the conatant voltage V . If ions and electrons are present in the gas of the
chamber, the elsctric fisld ir the chamber may be regarded as the superpcsition
cf two fielde, one produced by the voltage differencs between the electrodez and
describsd by the field strength i?and the potential V, the other produced by the
space charge © = e_(n+ - ") and descrited by the field strength_gz.and the potential
Qo . The corresponding quantities for the sctual field will be_ﬁ +_?; y VYV, .

Al

The voltage V satisfies the equation

TN T o0 (1)
ard the boundary conditiona
V = 0 at the collecting slsctrods
v = V., at the high voltage clectrode 2)
The voltage V/) satisfies the equation
7 ZVP H -&?jp S L e{nt -1n7) (3)
and the boundary conditions
VP = 0 at both electrode= | (4)

If we compute now ihe elscircstatic energy of the field we obtain

~y —42
f(ur‘ 124 4 fs g ¥ -
p ~ *J.. E dA
e» < A "1’7‘

where A 18 the gsensitive volume c¢f the chamber.

The third integral con the right-hand side can te transformed as follaws
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Figure 1

Cenraction diaprem of an fonizaticon chamber.

Figure 2
Connaection ciaprar of ern icrnizsticn chamter,
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ji;"?pu : -fE'grade A
A A . R
z . {div (v, E) a:ujvp div B dA

"
t‘“\
<3
[0
oy

]
&
w:F?\
™
5m
B

where S 18 the ccmblred surface of the two electrodee and En is the compocnent cf

13 rerperdiculay to this surfsace. (g: , Yo are apsuned to be zero at the lateral
boundary of the zctive volure.) Ncw v Ee VW = O while V, 2 0 at the surface
S. Hence, ié' ;i dA = O and, if we denote with W end ¥, the electrostatic

—
energies of the fields represented by.E'and E, , rerpectively, we cbtain for the

total electirostatic energy the exgressicn:

1 T2 - (5}
5 f(I\yEA)dA R4,
A

Electrons ard ions in the icnized gas move alcng the lines of force'with &

corparstively small velocitly, which is constant except insofar as the electric

field strength varies from poirt to peint. Hence, vmriations of the kinetic energy
of electrons and ions are whclly negligible and practicélly all of the work performed
by. the electric field on the charged particles durirg their moticm is used up to
overcome the "frictional forees" represented bty the collisions with the gas
molecules, The principle of conservation of srergy can then be expresced by

sriting thet this work plus the variation of the electrostatic ernsrgy equals the

work yerferred by the voltage supply. Since W is comstant in time, we thus

obtain the equation

(o]

ef(E*E,_)'(w‘?-n-;’-’)a“-g-{r:v1 (6)
A

-
where I is the current in the external circuit ard n*, n~, w*, w~ are, as before,

the densities ard the drift velccities of positive fons arnd electrons resvectively,

Sirce Yc = C st the surface S which tourds the volume A, the two fellowirg

equationg hold
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{ div [Yo (n* ¥ = n" w) dh = 0
- |
. N
Jdiv {vp R N TR
A
from whick it follows

vfi (et wt - k") 42 = Vv div (T w¥ - 1" ;2) dA

“ )
A — -

T - QEe 4 = ~E
f?'o Al an = fvp atv —E¢ an
A A

~

3
—

&

Or. the cther hand,

/o - -’
;?;2' 2 .give(n wt-n" )

so that cre cbtaine from the twe equations above:

- e L BE .
e (E cn* w i w)ada ¢ 2Fs 2 oo (7)
) ~ . X3 :
A

By subtracting Equation 7 from Equaticn 6 we firully find the following relaticn
givirg the extermal current I in terws of the motion of the électrons and fons in
the charber
— - —
I = -—2~"" (ﬁ *(n* wt-n” w7) aa (8)

Vo

“&

This ecuaticn mey be sritten asz follows
1= 17y 1

If we introduce the notations:
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- -
1t o= —— jn+E .« wh A
)
A —_ (9)
1" 2z - .wg_. n” E °w dA
<
A
or '
+ — —3
o
. —~_ > (91)
I- [ 3 - Z E hd w-
Vo i 1.

- -

where 'i‘ y ¥, rerresent the drift velocities of the 1% fon or electron at the

i

moment under consideration, while E:+ ’ E?’ are the electric field strengths at the
place where these particles find themselves. The sumrations are extended to all
1cns°and eleétrons rresent in the chamber, 1* and 1° represert the currents
induced by the motion of the positive iors and of the electrons, respectively,

They ﬁill be denoted brisfly as “positive ien current” snd Teleciron current®, It mayb
pointed cut that, in computing thgse currents, the values of the field to be taken
intq consideration are these which exdst in the chamber when no space charge is
present, Also, it may be pointed ocut that the vectors‘£>vo depeﬁd only on the
geometrical configuration cf tre chamber and are independent of the value Vo of the
aprlied voltage,

We will also introduce trke notations

1

R* (&) = It (¢) at
!

% (10)
R~ (t) = jz- (v) at

o]

The quantities Q* arnd Q= may be regarcded as the charges induced on the collecting
elecirode in the time interval between 0 and t by the motion of the pcsitive iors
ard electircns, respectively,

Oréirarily, for the measurement of variahle iorization currents, the collectirng

#lectrode ie conrected o ground threugh a lesk resistor R, and the voltage V

APPROVED FOR PUBLI C RELEASE



APPROVED FOR PUBLI C RELEASE

L

developed across this resistor by the ionization current is fed to the input of
an electronic emplifier (see Figure 2)., Applicaticn of the energy principle to

this case, under the agsumption that V& VO yields the following equétion for V

V 4+ RC -g-‘{—- SR I (t) (11)

where I is given by Equation 8 and C is the total capacity of the collecting
electrode and of the amplifier input. If the product RC is very small, the seccnd

term on the left-hand side can be neglected and Equation 11 reduces to

v(t) = R I (t) ' (12}
If RC i=a very large , the firat term can be neglected and Equation 11 yields

v(t) - v(0) = q (&) (13)

where Q 2 Q* 4 ¢~ and Q* , Q" are given by Equation 10, In the general case,

Equation 11 has the soluticn
e t L

v(t) - v(0) = o FC .%.§ e B0 1 (1) at (14)
[o]

10,2 TONIZATION PUISE

Suprose that N, icn pairs are sirmiltenecusly produced in the clamber at the
time t = O, for instance by an Q -particle, If one neglects the effect of the
epace charge ca the drift velocities, ;i and ;t are known functicns of the position
and it is poseible, at least in rrinciple, to determine the motion of each positive
ion snd each electron, Once this is done, I* (t) and I (t) ean te calculated as
functions cf time by means of Equaticp 9', By integrating with respect to time

one obtains the following expressions fcr Q+ (t) and Q~ (t)

APPROVED FOR PUBLI C RELEASE




APPROVED FOR PUBLI C RELEASE

45

v Z NORAA (t)]

¢ (1) e ’Nzt:i © - v, (v)]

In the above equationa"fi (0) reprosents the potential at the point where the i th

Q* (v

(15)

jon pair is formed, Vi+ (t) represents the potential at the point where the jth
positive ior finds itself at the time t, and Vi' (t) has s similar meaning for
the 1! elactron., The electrons have large drift velccities hence Q7 varies very
rapidly with time, until all the electroﬂa have reached the positive electrode.

Frem this tire on Q™ has the constant value

N.«" .
LS Z[vi (o) - vﬂ (16)

where V' is the voltage of the positive electrode. The pesitive ions have much
smaller drift velocities, Hence Q+ (t) reaches its final value after a much

longer tire, Thie value is given by

No

W E T Z Yy (@ -v) (17)

where V™ is the voltage of the negative electrode,

The sum of Qo‘ and Q°¢ is of course equal to Noe, as it can be shewm by
adding Equations 16 and 17 and remerbering that vtoy = Voo

Suppoee ncw thut the leak resister R is chosen sc as to make the time constant
RC large compared witlh the time of collection of the recsitive ions., Then, according
to Ecuation 13, the voltage V of the collecting eleetrode (agssumed to be zero at
t 2 0) is proporticnal to Q(t) = @ (t) + Q*(t). Therefere it increases very
rapidly at firet, until all electrons have been collected, then very slowly until
the positive ions have also been collecled. When both electrorne and positive lons

have been swept from the chamber the voltage of the ccllecting electrode becomes

Q@+ gt N
- - I\
Vp = ¢ = =2 (18)

C
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Subsecuantly, it decays exponentiully with the tine conatant RC,

A .chamber operated urder the corditiong specified above will be called arn ion
rulse chamber, The advantage of an ion prulse chamber i{s the fact that the pulse
height VP is preporticral to the total number No of $ons produced in the chamber,
irrespective of the positior where they are produced., The main disadvantage is
that the time for collection of the positive ions is usually of the order of
milliseconds, so that the decay constant RC must be at least of the order of G.,01
seconds and the amplifier must have ite lcw frequency cut off at a correspondingly
small frequency {see Secticn 3), This makes the arrangement unsuitable for fast
counting and very sensitive to microphconic disturbances and to A,C. pickeup,

For these reasons, the value of the resistance R is often chosen so that RC
is large compered witﬁ the time for collecticn of the electrers, but srall compared
with the time for collection of the positive ioﬁs. A chamber operated under these
conditicns respende only to the fast part of the rulse; 1.3., to that part of the
rulse due to the motion of the electrcns; therefore it will be called an electron
pulse chamber, Since the time for collecticn of electrons is ordinarily of the
order of one microsecond, the time constant RC does not need to be larger than 10
or 20 microsecends. Hence the chamber will be able to record pulses following
one another at very short time intervals, and the arrangement will be insensitive

to microphonice or to A.C. disturtarces,

The disadvantage of sn =lectror pulse chamber is that the pulse height will

'depend not only cr: the total mumber No of fon pairs produced in the chamber, but

alao on the position where they are produced., Tec & very good approximation, {i.e.,
peglecting terms of the order of i*?i'), the rulse height can be computed by
considering the effsct .of the metion of the electrons and neglecting the effect of
the mction of the prositive ions altogether, Since RC is assumed to be large cohpared
with the time for collection of the electreons, the value of the rulse height will

tren be given by

L (19)
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It is appropriate to mention here a simple device by which the pulses of an
electron pulse chamber may be made independent in size of the position where the
ionization is produced. This device consiste of a grid placed betwsen the two
electrodes and held at an appropriate intermediate voltage. Suppose that the
collecting electrode is positive and that the ionization is produced betwesn the
grid and the negative electrode. The grid shields the collecting electrode from the
effects of the motion of cherged particles as long as they are between the grid
and the high voltage electrode. The positive icns never penetrate the region
between the grid and the collecting electrode. .The electrona however will penetrate
this region, except for the few which may be captured by ths grid wires, While
travelling between the grid and the cullecting electrode, each electron will induce
on this electrode s charge equal to its own. Therefore the total charge induced
on the collecting electrods by the motion of the electrons will be preportional
to the number of ion pairs produced in the chamber, while no charge will be induced
by the motion of the positive iocns., A practical application of this principle will
be described in Section 13.1,

0,3 INFLUENCE CN Thi, PULSE SHAPE OF THE TRANSIENT RESPONSE OF THE
AMFLIFIER, MEASUSE (F PULSE HEIGHTS IN eV,

!

We have considered so far thes voltage rulse produced by the jonization current
at the input of the amplifier, In order to deterwine the voltage pulse as it is
observed at the output of the amplifier, the transient response of the amplifiar
rust be taken into account. , In order to define the transient response of the
amplifier, et us suppose tnat a charge, @, is brought onto the collecting electrode
at the time t = 0. This can be dcne by applying, at ¢ = 0, a squars voltage =a~-:.
to the high voltage electrode of the chamber. The voltage, V, of the collectur
rises abruptly to a value equal te Q/C and then decays exponentially with a time
constant RC, as indicated by curve (8) in Figure 3, Let curve {h) in the same

figure represent the voltage Ve {t) at the cutput of the amplifier as a function of
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Figure 3
Transient response of an amplifier,

Curve (a): input vcltage; curve (b): ouirut voltage.

APPROVED FOR PUBLI C RELEASE



APPROVED FOR PUBLI C RELEASE

APPROVED FOR PUBLI C RELEASE




APPROVED FOR PUBLI C RELEASE

time, Ths function é[' (t) =‘ve(t)ﬂQ, which if the amplifier is lirear is
independent of Q, is defined as the transient response ¢f thes amplifier (see also
Volume 1, Part I, Chapter 3).

The output voltage is given in terms of the ionization current 1 and of the
transient response /' by the equation:

vV (t) = fI (t-tl);/f(tl) dty | 0 (20)

2

which can be considered as a generalization of Equation 14, It may be pointed out
that the function gﬁ'(t) depends on the characteristice of the input circuit
(capacity C, resistance R) as well as on those of the amplifier proper. It reduces
to the exponential function, exp (=RC), if the amplifier has infinite bandwidth,

The area under the curve;ﬁ'(t) divided by its maximum ordinate may be defined
as the "resolving time" of the amplifier. For an exponential response of the type
reersented by curve (a), the resolving time is oqual to RC, |

' Another quantity to which one often refers in connsction with the transient

resgonse of an amplifier is the "rise time". It is difficult to give a rigorous
definition for the rise time which applies to an arbitrary transient response.
We may taks it as equal to the time during which the voltage pulse rises from 10
per cent t¢ 90 rer cent of {ts maximm value,

It is convenient to define the transient response of an ionization chamber

by the egquation

1 (t) = Ne £(t) (21)

where I(t) reprresents the current at the time t under the assumption that N jon
peirs are produced at the time t = O, It should be pointed out that f(t) depends
not only on the properties of the ion chamber, but also on the space distridution
of the ionization, -

The function f(t) may be split into the sum of two furctions £+(t) and £-~(t)

relative to the positive ion and to the electron current, which are defined as
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follows:
* (¢) 2 N et (1)
, (211)
I () 2 N, ® £~ (t)

Comparison with Equaticns9 gives for £4(t) and £7(t) the following expressions:

. No
“> - - 4 -
t g e e s e DR
A - : '
' N (22)
- 1 - 1 2;? — -
f’(t) - o yn (t)E ‘'w . dA - - E - ¢ 9w -
Ny vo A N, Vo i 1

[
One sess that £*(t) and £7(t) may be considered as the averages, over all the

positive ions and all the elsctrons,reapectively, of the quantities
- — - -
w . (E/Vo) and -w~ (E/Vo) at the time t after the ionization pulse, In the
computation of these averages a particls which has been collected is considered as
still exiating but having velocity zero.

Finally one may define the transient responsej)( (1) of the detecting equirment
consisting of a given ionization chamber and a given amplifier by means of the

equation
Vo) 2 Nje X (¢ | (23)

where Ve(t) represents the output voltage as a function of time in the case that
N, ion pairs are produced in the chamber at t = O. From Equations 20, 21, 23, and

considering that £{t) = O for t < O, one obtains the following relation
&

X W o= fr(t- ty) W () ey G j;‘(t- ) () at, (24)

(¥4 D

The conditions stated in the rreceding section for the éperation of a chamber as
an ion rulse or an electron pulse chamber may be appropriately generalized to

include the influence of the amplifier on the observed pulse shape by considering

the resolving time of the amplifier in places of the time constant RC., We will

APPROVED FOR PUBLI C RELEASE



APPROVED FOR PUBLI C RELEASE

51

therefore refer to a chamber as an ion pulse chamber if the resolving time of the
amplifier is long compared with the time of collection of the positive ionz and

ag an electron pulse chamber if the resolving time is short compared with the time
of collection of positive ions but long compared with the time of collection of
electrons, As a convenient measure for the size of ionizaticn pulses, we will use
tha quantity P = -EF— Wo where Q is the charge induced on the collecting electrode
{(Q = Qo+ + Qo‘ = Noe foer an ion pulse chamber; Q = Q°° for an slactron pulse
charbsr) and Wo is the energy for the formation of an ion pair in eV (see Section
A,2). P i3 thus expressed in eV and, in the case of an iocn pulse chamber, it
simply represents the energy No Wo dissipated in the chamber by the lonizing
rarticle which produces the pulse. In the case of an electron rulse chamber, P

represents a fracticn of this energy, given by the expression

P = N_W do_
T To o Qut e Q”

For an absolute calibraticn cf a given chamber operated in conjunction with
8 given amplifier and & given recording device, the most direct procedure consists
in obaserving the pulses from a source cof oL -particles of uniform and known energy,
usually a polonium asource, placed in the chamber in such a way that the whole rangs
of the o(-particle is within the sensitive vcluﬁe. If the chamber is operated as
an ior pulse chamber, the output pulses all have the same zize and this size
corresponds to ionization pulses of magnitudes I equal to the energy of the
x=-particles, 1If ths chamber is operuted as an electron pulse chamber, the output
pulses, in general, will have different sizes, The relation between the response
of the measuring instrurent and the value P of the corresponding icnization pulse
is obtained by first computing theoretically the distribution in size of the
ionization pulees and then fitting the romput~d curve to the experimental pulse

height distribution (see, fer instance Section 1.3.1).

A more convenient but less direct methed of calitration consists in feeding

known voltage rulses,A¥##%S&E1§3FE$§qadgtf%§ﬁqﬁtigﬁggée of the ionization chamber
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and observing the corresponding output pulses, If we denote by Cl the partial
' capacity of the collecting electrode with respect to the high voltage elsctrode

and by C 1ts total capacity, the corresponding voliage rulse at the input of the
asplifier fs Vo 2V, cl/c.

According to our definition, the P value of this rulse is given by (vlcl/e)wo.
In other worda, the signal obtained by applying a voltage pulse V1 to the high
voltage electrode of the ionization chamber is equal to the signal produced by
sn icnizing particls which literates a charge Q < VIC-l in the chamber, under the
assumption that the chamher {8 operated for fon pulaes,

It will be noted that the method cutlined raguires knowledge of W, ard of the
 oartial capacity Cy of the ccllecting electrode with respact to the high voltage
clectrode, which usually can be computed quite acsurataly, It does not require

kriewiedge of the stray capacity, which, 4in genersl, ¢culd only be determinsd by

dirert measirement,

8 CONTINUOUSLY VARIAB CNJZATION

Let vs suppese now that the tonization chamber is irrsdiated with a contimicus
scurce of fonjzaticn of varisble intensity, so that a total of N(t)dt ion pairs are
produced within its seneitive volume in the time interval between t and t 4 dt.
If, for the sama charber and for the same spacizl distribution of the ionization
the currents I* {t) and I (t) have been Getermined in the case of an inetantaneous
ionfzation pulse, they can also be calculated for the case under consideration because
» continuous ionization can always be subdivided, ideally, into an infinite number
of infinitely short ionizatior pulses. By making use of the functions £Ht) and

£7(t) defined by Equations 21% we obtain for I*(t) and I~{t) the following exrressions:
e

INg) = e J N(t - t)) £+ () at,

A (25)
b 17°(¢)

e Jﬁ(t - tq) £ (tl} dt,
In particular, 4f N is constant, It and I° beccue ' ’
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o

IV 2 e N fr" (ty) dty

i ) (o] :9&3 (25')
I- = eX ﬁ (tl.) dt,

Equation225' scquire 2 simple physical meaning if one considers that, according
to Equatioms 22

Ca

jff‘ (1) at

N,
1 S {5 e 2
N V :Z_L(;i ’ i dt
o o 0
Ne -
wr ) @]
(o] L
1

—r . o) - vy=
T _"1() v}“

”

and similerly
oo

j[f' (t) at = \1, fv* -V, (o)]

o L av

°
where [%,(O) - Vf] and {%4 - v (Oi] reyresent the sverage values of
the difference cf potential between the place ¢f rroduction of the ions 2nd the
regative or tesitive clectrode respectively (see Secticn 2). Hence Equatiors2s*

vield

Sl
4+
]

e 8 [vi (0) - V'] v

- a N//V EV' - ¥ (O)-J
(o] ) i av

It follows frour Ecustions25'' that the totrl icrization current is

(25**)

—t
1
]

I = 1% 41~ - e K
[o] 4] c =

in sgreenent with wquatior 9.5, The ontrut voitage Ve (t) is given by the eqnaRion

e

v, (t) = e fn (t - t-3) 7( (t3) dt3 (26)

[«

wnich may be consideresd as a direct consequerce of Foustion 23, or can te derived from

Equations 20, 24, and 25, by taking into acccurt that %/ (t) 2 0 for t< 0,

If the ecurce of ifoniration i3 suddenly turred on to a corstant valte at the
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time ¢ 2 C, (N(t) =0 for t< 0; N (t) = K 3 constant for t> 0) It sne I~ are zero

for t Q0 and have the fellening exyreesicns for t > 0

{
1* (b)) = va v
(t) e N y £ (bl)dtl
1 v = N 7 (¢t
( e { X dtl |

while, 1f & coretant scurce of fonization is suddenly turned off at t = © (N(t)

S F 2 conrtant for t < O; N(t) 2N for t>C), we Fave, reremhering Squstions 2571

SNTIE IR |
© for £ <0
IT{¢) 2 1~
ke
4 N v'ts 3 (2€)
. - + & 3 H
A S [1 e )r (tl) dt}j
-~ , t for £ 0
- - - ) h R .
~ I - -6—-‘ 4 A .
T 1son = (t,) **1]

The axprecsions for the chargee g (t) and 4° (t) for the case of an
instantepecus icnizeticn yulse cen be writtan in terza of £t {t) and £~ (t) as

Teliews:

G

]
4
[ad
L3
iy
L )
-
5
~.
(3
5

Tt (29)
. r ;

A
—
o
.
0"t
-
]

Comrarigcr with Ecuations 27 and 28 shewe that the rositive ien current and the
electrcn current present ir a chamber after a constant source of lcnization s
suddenly turred on or cut off exhibit the ssme time cdeverdence as the chargas
induced cn the collerting electrode ty the motion ¢4 the positive fonn snd of the
electrone, respectively, after an infinitely short fcrization pulsae,

In the gerieral case, one sees that the veristions of the ionization current
#1111 be vrorcrtional to the variatione of the srurce irtereity only if these
vuristions are either very slow comrered with the time fer collection of the vrocitive

fonr, or very fast comuared with the tine for ccllecticn of the yesitive ions but
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very slow cempared with the time for collsction c¢f the electrons. In the first
inetance, As already prointed cul, the totel ionisation current ' ¢ 1T Wl folicw
the variations of the intensity of the ionlzing radiation, In the second instance
tte electren current I” will follow the changes of the fonlzirg radiation while the
resitive fon cwrrent I*'wil] remain practically consxiant, The ermct value of the
jentzation current I(t) = 14(4) 4 I7(L) rroduced bty a given variatie source of

tendzation may he comruted by menns of Equation 25, Lf the function f(t) & f*(t) <4

f (L) 12 known, Thig, in turn, can te determired, ac we Lave just seen, by observing
the varistiony of T {mmedintelv after » constant scurce of jonfzetion hag heen turned

on or off,

10,5 TARAIIKL TIATE CVAMBER

Ina tarnllel vlate charber ths e wctric fieléd & constent, hence the Arift
velcoitise of beth teesitive fons ard electrens are inderendent, of pesition., It
*olYnwe that I*(t) and J7(t) are rrencrtioral to tte numterr of positive ions and
of mlgetrens, regpectively, wvresert it the chamber at the time ¢,

Tre rotential differance hatweeb two rofnts of the cramber ia rroporticral te
the A1fsrernca of thedr divtances frov the ragative electruede, Therefore, the
errreseiont for GY(t) and G"(t) 4n the case of an instantanecus ienfzation yiine

(gses Fouatior 1%) becore!

Gty = ik(x ) - x' (z)]
h - e
O . f[ (") - x,” m}

where h {a ths zereraticn of the electrodes, x‘(O) ig thes distance from the regative

F

. . : N th . o .
eleetrsdes to the veirt whers the 1 400 mair 48 farmad, X, (4, %, (t) are the
fistlances from the rapstive elecirods to tne ith roritive icn and to the 1th slectren,

respectivale. at the time t after the fcrizetion mulse, Frew Fauantion 30 4t follows

that the charges G, and Qo+ induced by the motion of the electrone ard of the rcsitive

jone after ecmplete collaction are giver ty N, e/h times the distance of
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the centor of grsvity of the ionization from the positive and froem the negative
electrode, respectively. Also it folluws from Equation 25%° tha£ if the chamber

is irradiated by a constant source of jonization so that N icn rairs are produced
per unit time, the electron and rositive ion currents, Io’ and I°+, are given by
the product of eN/h times the distance of the center of gravity of the ionization
from the rositive and from the negative electrode, respectively. I1f, for instance,
the volume cf the chamver is uniformly irradieted, thg center of gravity of the
fonization is hulfway between the pcgitive and negative electrodes. The currents

. -
T, and I, are ther identical snd given by

1 - 17 =1/2eN
[o}

In the ease just considered of a svacially unifomwionization, the funclions

- +
f (¢) and £ (t) have the expresaions:

(o) = -b--;-:lii- w! for t < h/w'
f*(t,) = 0 for t h/w®
(31)
£ (t) = -’L-?-h-'z':-L v for t < h/m
" (1) = © for t >h/w

Tre expregeions for the positive ion and electron currents subseouent to a sudden

turning on cf a constant scurce of ijonization (see Equation 27) become

+
() = e -’-‘E-'!: (t - 1/2 ¥ 2 ) for t<h/w*
() = 1/2 e ¥ = 1Y for tyh/v*
(32)
I (¢) = e-B;\"". (t -1/2 -~ t°) for t<h/w
() 2 1/2 e 1 for t>h/w
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Similarly, ir the crse of a sudden turning off of the eource (gee Eouations 22):

() 2 e N {1/2 - -;-:f t+1/2 (-ﬁi t-)/;_é for < b/t
+ (¢)y = o© for t  h/m
I" (L) = e N {1/2 - -ﬁ: t+1/2 (-}1’;: t ):_{ for t< r/n (23
1" () = 0 for t> h/w

10,6 CYLINDRICAL CHEAMBER

Conesider first the case of No ion paire formed'instantnnemunly at a distance

ro from the axia of the chamber, for instarce by en od-particle trevelling vesrallel

te the axis, Surpese that the cuter electrode ie regative and the {rner =laclirede

ror{tive, After all electrons and icns have beer, ccllected, the clerges Q;* and
Qo- induced ty the metion of the pesitive i1cons and the alectrenz, resvectively, are

given by the expressicns (=ee Faustions 1£ and 17):

s
[X]

e N log (b/r)/1cg {(b/a)

P
(1}

e N leg (r/a)/1og (b/a)

where a 16 tho radius of the inner and b thet of the outer cylinder,

In Figure 4, QC* and Qo- are plotted as a function of r/e for the case b = 100 a.
One sees that when bj? #, ag it is assured heore, QO- {# rmuch larger than QO+, excerd
vhen the lone are foreed very close tc the central electrode.

e want also to ecslculate the positive fon ard electren currsnts fcr the case
of a eylincrical chamber urdformly irradiated by a corstant source of jonization

vroducing N ion pairs rer unit tive. Equations 25'' give for the case under

congideration:

I(f/eN = V4 @lcg (b/a)l - 2%/(b< - a<)

< (35)
1, 7/e8 = 6262 - a%) - 1/ [210g (b/a))
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Figure 4
Charges Qo* and Qo' induced on the collect’ng electrode of a cylindrical
chamter b: the mction of positive jons and electrons, respectively,
when No ion pairs are fcrmed at a distance r from the axis, Inner
alectroce positive; b = 1 a (b = radiue of the outer electrode; =

S radiue of the inner eléctrode).

-t -

APPROVED FOR PUBLI C RELEASE




APPROVED FOR PUBLI C RELEASE

~Q

]l
|
H /
& g
B i
/
\
\
\ 1<: +<:
O

0
~

il
APPROVED FOR PUBLI C RELEASE

25

o
>

30

80

70

60

40

\
\ 7] o
)
N
N y
N / (o]
N / ~
P
N "4
o
_A N -
'
B
|| L+ —
= j{
o o o
e



APPROVED FOR PUBLI C RELEASE

5

er, iIf 8 a

I°+/QK 1/ [Zlog (b/ai’

(35*)

Io-/eN 1-1/ [21cg (b/'az{

One gses thet, if th»a, the electron current is much larger’ than the positive
fon current. The situation, of course, would be revereed if the inner electrode

wore negative inatead of poaitive,

10,7 EDGE FFFICTS

%e have assumed, so far, that the electrons snd lone are sufficiently far
from the bourdary of the active volume go that no apprecisble charge is induced
on the guard electrode. Wher the charged particles are near the boundery of the
active volume, whether inside or outeide of it, they will incuce = charge both on
the collecting electrode and on the guard electrode, and the comrutation of th»
rulse can no longer hte carried cut in the simple manner outlined in Sectiopi.. -

The theory of the "edee effects™ has beer developed for the simrle case of a
rerallel plate chamber, with the collecting electrode and the guerd electrode in
the shape of two infinite ﬁalf planes joining along a straight line (sre Figure 5),
(The case of a paralie) plate chamber, in whichk the linear dimensie¢ne of the
clectrodes arelarge compareé with their seperation, can be apvroxinmsated
sufficiently well by the idesl case describec atcve),

let ug ceneider a roint charge in the space between the plates,and let uas use
as our frame of reference a cartesian gystem cf cocrdinates with the crigir on the
plane contsining the collectirg electrode and the guurd electrode, the y aria
perrendicular to this plare and passing threugh the point chacpe, the z axig parallel
and the x axis perrendicular to the boundary between the collecting elec?rode and
the guard electroe. Our probler consists in determining the surfsce density cf

charge W{(x, z) induced in the (x, z) rlane and then integrating this function

separately over the half plane forminé the collecting electrode auc over the half
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Figure §

Diagram for the -g:alculations of the edge effects.
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plaﬁa forming the guerd electrode. The mathematical precedure is simplified by
.the cbeervaticn that the ratic between the chargea {nduced on the two electrodes
is obviocusly the eame.?or all chargee lying on s line parallel to their boundary,
Therefore we may subsitute the point charge with a line charge of uniform density,
parallel to the_z axdis, calculate the surface density of the induced charge for
this case,and then integrate nlong the x axia alone in order to determine the
total charge induced on the two elestrodes. The charge per unit length, of course,
should be sc chosen as to give the correct total charge on the (x, z ) pléne.
As 11 will be shown below, this e done by taking it equal to the charge e of the
perticle,

The preblem of detsrmining the electric flald of a line charge betlween two
conducting planes parsllel to it has been solved (zee, for instance Smyth,
"Static end Dynumic Electricity", YcCraw Hill, 1939, vp. £€3-94). From the
expression for the electric field, one finds the following exrression for the

surface denglty of charge:

wix) 2.5 cos;ﬁ%m (36)

In this equaticn, 4 is the sepuration of the plates and b is the y-coordinnts of

the chargs, The » sign indicates that the inducing charge and the induced charge

tave orrosite signs. The indefinite integral of w(x) 1g rot difficult to calculate
and hag the follcwing evpression _
7T x/3

. -1 s ya
‘Jix)(x) d x = 7 tan sin (7072} {27)

Let X, be the distance of the charge from the boundary of the sensitive volume’
(positive if the charge is inside this volume)., The total charge induced on the

(x, z) plane is gziven by
+xn

G :j?mx)ax: <o (1 - b/d) , (38)

(= =

while the charge incuced on the ccllecting electcrode is given by
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) Figure 6
Fracticnal charge Qé‘/e induced on the collacting electrode
nt s parallel rlate chember by a point charre e se a
function of its distance X, from the boundary cf the
active volume anérzi lte djstahce b from the collecting

eloctrode; d is the depth of the chamber (ses Fipure 5)

ant 2 & X /d.
[¢]

Ca T Y ..7--1-.-4- soe .. ~ a .
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£
Pt . - rxe/e .
o ) . ; -1 - cos{7 b/d) )]
R . - - - -ué— 2_‘ COA
R, *© '}u, {x) 8 x o _1/2 7 wr ( sin (7 b/d) (39)
P 4

Cne cees that Q bncomes ecusl to «e when b 2 O, rhizh ghows that we hava chosen
the rorvrect normslization factor, The clarge Qc is & function of the ratios t/d
and xn/ﬁ. A praphical representation of this functi<n I8 given in Figure 6.

The share of the rulse produced by an icnjziny particle traversing the chamber
rear the boundary of the eensitive volume can be calculated immediately if one
knews the drift velocitiag of the elestroms and rocitive fone. The totnl induced
charye 18 obtasined ae s function of time, by adding up the contributions of the
indtvidual elecirong and positive ions as represent;d by Equatinn ¥, which depend
on t throupl: the parsmeter b,

¥Figure 7 encws varicus exemples of rulse shapes obtained when an ion pair is
foresd incide or cutside of the sensitive veolume at a small distance from its
boundary,

In order tc meke a praphical representﬁtion pcasible, ths drift velocity of
the vositive icns has been taken as 1€ times smsller. instead of about 1C00 times
amaller, than that of the free electrons. For comparison, the mulse produced by
an len rair forned inside the active voluma al a large distance from the houndar&
fg also rerresented in Figure 7, It wiil be noted that the total charge induced
«m tha collecting alacirode after hoth the electron and the rogitive ion have teen
ccilected is alwayve 8 when the {on 'pair has been formed ineide tlw sengitive volupe
and 18 alwave zero, when the ion pair has been formed ocuteide of it, The chape of
the ~ulse, howsver, varies greatly with the positicn of the original ion peir and with

the polarity of the chsaher,

A8, TESTING OF "FAST® ICNJZATION CHAMBIRS

For maay purposes, sorme of which will be zentioned below, it ia often desirsble
to determine experimentally the function f{t) for a giver/ chambter and for a given
Adstribution of the ionization, As we have seen, this can be dcne either by

studying the shape of voltagc rulses produced by siugle jorizing particles, or by
APPROVED FOR PUBLI C RELEASE
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¥igure 7

iulse shaves obtained when fons are pr.ducec nesr the

houndary of the gausitive volume of a parallel plate chazber
(see Figurs %)

Curve {A): icn mﬁ' rroduced fncide the active volure, at a
distance of ¢,75 4 from the boundary (xo z 4 0G5 H, ¥,
electrode pesitive,

Curve (B); fon mir produced outside of the o tive solume,
at A diztance of 0.CSi from the boundary {x, & -0.0%),
Y,V electrode pogitive,

~.

[ }]

Curve (C); ¥, +°.054, P.V, electrois negntive,

Curve (D); Xy = #0051, BV, elactrode negative.

Tn all canes the fon palr is supposed w0 be rroduced half
way betweun the plateg {b ] d/2/. The 4ri<t velocity of
the elcctrone is tshen as egual Lo 10 times thet cf the

rositive iong, in orasr 1o nmake a grarhical representation
nf thie pulse share pnss=itble,

flarve (E}‘rerresénm the pulse produced when ar {on relr
{8 formed half way ntetween the platea, at a larpe distarnce

fraz the edgo of the ccllecting electrode (¥.V, electrcle
poaitive),

&
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investigatirg the time dependence of the slectron current upon a suddan turning
on or coffof & meurce of coniipucus ionfzation.

Experiments of the first type csn be carried ocut with the arrangement
schematically represented in Figure 8, CH is the icnization chamber, which contains
n suitable'source of o -particles, The pulse V st the collecting electrode is
amplified electronically and then applied to cne of the vertical deflecting rlates
of a cathode ray oscilloscope through & delsy line, which delays the pulse by one
to two microseconds withcut changing its shape appreciably. The pulse at ths
outrut of the amplifier is &laso used to trigger the sweep circuit, This circuit
provides & positive square pulse which is arrlied to the intensifier slectrode
of the cathode ray tube, normally biased below cut-off, and turns the boaﬁ on
for. the duration of the pulse, It also rrovides a saw-tooth pulse, which is
applied ir rushepull to the horizontal deflecting plates thur producing a linear
sweer of aprropriate speed, For each o -particle entering the.chamber, a trace
reprasenting the output voltage VG as a function of time appears on the o8cilloscope
screen, The delay line between the amplifier and the vertical deflecting plate
makes it poseible to study the beginning of the pulse which otherwise could not
be observed hacsuss of the small unsvoidable delay in starting the aweep circuit.
Vo(t) 15 related to the function’j( {t) which describes the transiant response of
the detecting equirment by Equation 23, If the rise time of the awplifier is
sufficiently small and its resolving time is sufficiently long, so that the transient
response of the amplifier may bte arproximated with a step function (QV(t) z 0 for

t < 03 {/(t) = constant for £ 0,)this equaticn together with Equetion 24 ylelds
<

Ve (t) = constantwj/}th) aty’

¢

The arranpgement described was used for determining the shape of the pulses
rroduced by pvolonium o -particlomin the parsallel rlate chamber reprcsented in

Fipure 9., The X ~rarticlemwsre rrcjszted across the sengitive volume of the

charber in a direction parallel to the rlates, Hence, for an ideal transient

reaspense of the amplifier, as srecifierd above, and if edge effects can be
APPROVED FOR PUBLI C RELEASE
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Figure 8

Fxperimental arrangarent for testing "fast" ionization
chambers with o(-particles,
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&7
*isregarded, the cutput voltage will rise linearly with tims until all electrons
ave collected and then rerain rracticnl)j censtant, The tinme for tha collecticn
of the electrone, of ccurse, ia egual to the distance of the track frcm the tcaitive
slectrode ivided by the drift velceity of the electrens,

The resulte ohtainsd were used for the determirstion of the Arift velocity in
varf{ous psger and pas nixtures, The walues thus found are included i{n the prephs
piven in Fipures 8,2, 2./, P.5, R,6, The smcouracy claired for these values is not
very high because of scme Adatortion of the rulse shape cvrcduced by the electrenie
eircutt and Ly the esdge effects.

Throughk s study of o¢ -rarticle rslses it 12 vesaibls, at least in rrinciple,
te determine whethear or not any electron attachment takes nlsca, Thiz can be dcone
by measuring the ratio between the "fast" part of the rulse {(due to the moticn of
free eleactrons) ard the "slcs” rart of the rulse (due to the motion of tems), In a
mrallel plata chamber with the team of o(-rarticlespeyallel to the plates, this
ratio sheuld he equal to the ratio tetwaen the diatance.of the trscks frem the
positive and the negative electirode, respecotively, if there I no electron attachment,
Any electr&n attachrment leadine to the forraticn of sluw moving negrtive icne will

decrease the fast and increase the slew mrt of the pulse,
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Figure 9

Inner constmct;i-o; of chamber used for deteﬁnﬁntng the shape
of A -particle pulses,
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No messurements of the electrom attschment were carried out by the method
cutlined above, mainly because nc amrlifier wag available which covld amplify
withcut distortion both the slow arnd the fast (sxt of the mulae., Some information
on electron attachment, however, was obtained by studying the dependence of the
olactron pulse on the voltage difference acruss the chamber, Any chanes of rulse
height with voltage (excert st very lcw voltages at wshich diffueionAon-reccmbination
may play scme role) is a proof ef electron attachmeat, On the other hand, the fact
that the rulas height je independent of the velilsge over a wide range may be taken
as en indieation that the electron attachment is neplipible. As an example, the
two curves in Figure 10 give elecircn rulee heights versue clectric field strength
ae obtained with the chamber reyresented in Figure & filled with arcon and with
boron trifluoride, resf@ctively. It is evident that 8 large amount of capture takes
‘plaoe in boron trifluoride while the capture in arygon (which has Geen proverly
purified) seems to Le negigihle., The bshavier of the curve for boron trifluoride
depende critically on the origin of the gas, whicﬁ geems to indicate that the capture
is due, at least vartly, to impurities rather than to the bhoron trifluoride itself.

The experimental arrangement for the secorst type of measurement mentioned at
the beginning of the present saction is achemstically represented in Fipure 13,

X reprecente an x-ray tube in vhich the beam intensity can te contralled by mesns

of a grid placed in front of the cathode, CH 1s the forfzation chamber to be
investigated, Since the x-ray tube iz operated sl a compuratively low voltage
(arcund 4C kilovelts) a window covered with s thin metal fofl muet Be provided in

the wnl) of the chamber in order to adnmit tke goft x-ray beam. The veitage érop
acrces the leak resistor F, aflcr suitable amplification, is appiied to the vertical
deflecting plates of a cathede ray csrilloscope, Ths sveer circuit rrovides a squars
roeitive pulse and a saw tooth mulse, which are used to turn on the beam of the
ogcilloscope and to produce a horizontel linear sweep, respectively. The sweer

circult alse provicdes a square negative pulase, the beginning of which can te delayed

by an adjustable amount with reesvect to the bPeginning cf the swesp., The ewsop circult
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~  Figure 1C

Fulse height as a function of E/p in argen (€40 mr Hg
rressure) and BF% (382 mr Hg rressure). MNeespurements

taken with the chsmber rerressnted in Figure 9,

i
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Figure 11
fxperivental arrangement for testing "fast"™ chambere

with a modulated x-ray source,
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cor: either te made to opercte sutoratically at a rate of the crder of cne hundred
sweope por second cr it mey be trigpered manuslly s¢ g8 tc give single sweopé..

The -elayed signe) frow the ewecp circuit mey be uwsed te trigger the rircudt marked
ruleer, the purpcse ¢f which is tc turn on cr off the xe-ray bear by sudderly reising
or lewering thoe voltege of the contrel grid. %hen the pulaer is connected und the
eween circult {2 overated, thére will appear on the cecilloscore screcn = trace
vhich pives  the cutrut voltage Ve ns a function of time cubsequert to thc sudden
turning on or off of the ioﬁjzing bear, VG (L) is pgiven by Faueiicn 2f, which, in

the cege, for jrstance, of a8 censtant source of lerdzation turmed on At the tine

..t
Vi) = e Nv//[.;<(t1) dt,
()

It the resclving time cf the amplifier is eufficiently small, tha function ﬂy'(t)

t = 0, vields:

san te approvimated tv oa d -function and, nccording to Equaticn 24,:(.(t) s ().

Tre erunticn writien atove thaean Yecones

_t.

V, (t) = constant // £t,) dty
3 4

o

™o rothod for testing -haabers ieg purerior in rany ways to thet Jesceribed
mrevicusly which makee ute of « -rerticle puises, lucccesive ulees cblalrned by
turring on or cutling cff the r-rey tear are eéxactly id=rtical, while & -rarticle
jusses alwave differ screrhat f1cn one anouther becsuss s beer of o ~rarticles s never
1orfectly ccllimated ard 38 often not perfoctly soncenstpetdi. 4dlac {t is roessible
to calibtrste the xerev eoulirrent sc as ta detlerrine very aceurately the frection of
the foriration current cerried by the slectionz. The following procedure is used.
Tith the yer=y tube rumnning st & conatart intensity, the ionjzeticn current
Tc : I;++- IP" {p maasursd by menng of a palvancmeter in scrics with the lesk

resistor R, Then the sweor circuit is orerated meruslly, thus eutling off the x-ray

neam, and the size ~f the "fast” pulse acpesrineg on the o8 Pilcar re ecreen is

reccorcel, The helpht of tlie pulme 4= rrorerticnel 1o the intansy®y of the olectren
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current IO'. Then the x-ray tube is turnrecd off and & currert egual to the ionization
current previcuely meesured iz sent through the lesk resistor R by connecting its
urper end threugh arother resistor Rl (R1>5>R) to an appropriately chosen peint alerg
the plate resistor of the tube marked "calibrater?, The sutputl of the sweer circuit
giving a delayed sguare negative pulse ie disconnected frem the x-ray rulser and
connected to the grid of the cslitrater tube, ¥hen the aweep circuit is ncw cperated,
the delaysd negative rulse will turr off the calibrator tube thereby interrupting the
current through the lesk resistor. The height of the pulse appearing on the
oscillcscope screen ies rroportionzl to the intensity of the current originally pressnt

in R, which is equnl to the total ionization currerd Io+ + Io-' Hence, the ratic

betsesn the rizes of the pulses obtained by turnipg off the x-ray beam and by cutting
cff the calibreator current, respectively, will be equal to the ratlo Io-/(Io+ e 10")
of the electron currert to the total jonization current., ESxverience has ehown that
the fracticnsl value «f the electren currernt can be deteimined to within one or twe
per cént by this methoed,

The testing equipment descrited atove was used to investigate the response of
a perailel rlate chamber, unifermly irradiasted cver its sensitive volume., Ths
conatructicr of this chamber iz represented in Fipgare 12,

4 rvhotograrhie record of the oscilleoscope deflectiorn obtained by turning on the
x=r2y beam i& reproduced in Figure 13, The chanmber was filled with rurified argen
st 1,8 atiosrheres pressure, and the high voltage clectrode was kept at -1000 volts,

In Figure 14, the obgervee ruise shape, curve (3), is ccmpared with the
theoretical pulse share cempuled for a Arift velccity of 1.35 x 106 centineters per
geconcd, which gives the closest it with the exnerimeptﬂl data.

According to Equation 32, when the x-rey besm is sudderly turred or, the electren

current increases ae a quedratic functior of the time urtil ali electrone have been
" collected., This functicrn is represented by curve (1) in Figure 14, Curve (2)

represente thie cutput pulse cerrescending to the current pulse reyrrecerted by curve

{1) ard computed by taking inte acccurt the transiert respongs of the anplifier, the
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Fieura 12,
Chamtier ueed for t,fe teste with the rulsed »-ray scurce,
K-rays are acmitted intc the sernsiijve volume thrcugh

the (,0CA" braeg winfow in the cuter casge srdd the {.0OIY

dural wirdor in the hipgh voltage electrode.

+ - e ma e
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Fipgure 12,

Oecilloscope Tecord ottained with the arranpewernt ghewn in
Firure 10, The total duraticn of the sweer is arproximately
Y,5 40 secorde. Heretition rate atcut 106/aec. Exroeure atcut

¢ eeceonde,
Tre emall oscillation at the beginring of the pulee is caused

hy electric rick up from the circuit: which turne en trhe xeray

APPROVED FOR PUBLI C RELEASE




APPROVED FOR PUBLI C RELEASE




APPROVED FOR PUBLI C RELEASE

racolving tinre of skrick was mrrvreximately 2.4 x IC"? secends, hne sees that the
arreerent between eyperimental and thecretics]l pulse shapes is satisfectory, if nct
verfect., A possitle exrlamsticn for the Aiffersnce between curves (2) and (2) may

be found in the edge effects (see Section 7), esince, ag it is arparent frem the

desigr of the chramber (Figure 12) the gas wae irradiated up to the boundary of the
censitive volume, Shculd the experiment be reveated, this scuree of error cculd

be minimized by p;oviding ueiforn irradisticr of the gas rot only »{thin the sersitive
volume, tmt alse cuteide of thLia volume, up to a distance frem its bourdary ccemparatle
with the serarstion of the plates.

The exrerirent dereriled may be zcnsidered ses a check of the thecratical
rredictions on the oreraticn cf the charher or, alternstcly, ne a mathed for tle
deterpr{nation of the ﬁ;ift velocity of electrone., The values of the Frift velecity
nhtained with this rethod are inclu?e” In the grarhe piven in Figure P17,

The mileed w-ray esuipmert was alpe used for the deterpination of the fracticr
of electron current in cylindrical torizaticr clarcters filled with mixtures ~f
argen And CO: (see Secticn 12,4}, The exyerigentsl results were in very poog!
apreerery with the thecretical rrelictions, indicating thet the electron attactment

was neglisitle,

10,9 STATISTICAL FIUCTUATICN o THE TONIZATION CUFRENT

- s E e o

Vher. 3 clrpber is cenrected te a fast arplifier and irradiated with a strong
rovrce, the output voltape exhibite fluctveticns which are coneiderably larger then
thoee due tc the tube ncise, These fluctuatione are cause’ by statfstical fluctuations
'n the intersity of tke ionizaticn curtent., An arvrrorximate ecctimatc for thelir
marritide can be ortaired as follome: lLet T be the rezolvine tinme of the detecting
ecuivmert which, ag we have scen, is deterninel hy the time For colleatier of the
ele~trons in the orerter, by the inpt tine constant R, and bo the frecuercy reaveorge
nf the anrli{fier, %e voy sssure that the fretantascous value cof the cutput veltsre

s proporticrel to the number of fon perirs rrofuced in the charter in the time enuml

te T, 2an? this misher, in turn, i2 ororcrtioral to 41w sunber of {enizire varticles
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Figure 4,

Comperizon betweer camputed and obzerved mulse shapes

for the marallel plate clarher reoresented in Figure 12,

A constent scurce of ionization irf turnesd on at the time t = O,
Curve (1; gives the clectrom currert in the chamber,

computad fer a érift velocity of 1,35 x 10E centineters per
sscond (separstior of the plates; 1,57 cm,). Curve (2) gives tre
voeltage et the ocutput of the amplifier, comruted for a

value RC = C,24 4+ seconds of the input time conatant and

hy taking into aceccunt the frequency response of the amplifier,
fnrve (3) pives the chserved outrut voltage (from Figurs 13).
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traversing the chamber during the time T ., If I ie the intensity € the

tentzation current and m ir the averspe number of ion paires oro*uced by each

rarticie in the chambar, the averaps mmbar of rarticlea traversing the chamber
during tha time T §s glven by 1 T/me., This nunber undergces statistiral fluctaaticns,
the root mean square of which hne the relative value 1/\f~TﬁE?7;;. Thia cuuntity
rapreeent? 2lso the relative value of the root rxean sauare fluctuaticn of the

cutrat voltape, which we will indizate withAVA, Fence we have
VAR 72 B Jm&ﬁt (L)

Seme experiments wera carvied ont for bne rurpese of checking the atove
relation, In theso experimenta, eight cylindrical chambers of the tyve which wil}
te cescribe? in Sectlen 12,4 were used, These chambers were 1R inchey in length,

2 Inches in diameter and were filled with a mixture of arpon anl carbon dioxide

to a vressurs of 4,5 atmospheres, They were al) connected in mrallel and thelir
tctal capacity, including theat o7 the ccnnectiﬁg cubtlms and of the amplifisv inpug,
was approximately 100 misromicrofarmd..., The leak resiater hacd a wvalue of 100G ohms,
tence the input time ccnetant was 10'7 secends, The chambers wers irrac’:ted with
8 atrong 'X,-ray acurce, A ralvantmetar, in seriez with the lenk resister and by~
mmased by 8 large cowisnasr, wiz uued for nessuriag the fornizstion current., The
voltage drop acress the resjstor ws applied to the input of s fast smrlifior (70
per cent gain at 4 megneyclas)., The varisble corpenent of the outimt voltage was
rmeasured by means of » holomatric arranpgement, which geve directly the mean saunre
value of the fluctustione.

The experimental rernlts are summarized in Figures 15 and 16, Figure 15
repregents the mean square value of the fluctuations as a function of the current
in the chambers, The voltage across the chambers was 2000 velts,and the ionizaticn
current waus changed by verying the dlatance tetwsen the scurces and the bank of
chambers. According to Equation AC, (Ll\')2 is given LUy ihe exgfressicn:

(an? = y2 -.’iL?é-: RI ..n%-.. . ‘ (sct)
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‘ Figure lf.

dvernpe squars fluctuat.ion of the ocutput VOitAge ([_-\V)z as a

function of the intensity I of the ionization current, FEight

eviindries]l chamber 3
e maracal cham vogt;? rarallel (see descripticn in Ssction 12,4

]
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;; Figure 16

Averape souare fluctuntion of the sutput, val tape (AV)? as a

funetion cof the v@l&agg ¥, acrcss tha charbers for iwo 4ifCerent
fntensities of radistion. In btoth caree the fcn’29tion ~urrents

resmch thefir saturation valuee ( I = Cad6 and T 2 (,1¢ nicrc-anpares,
rearectively) in the nelghborhood of 47C volte,
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which indicutes that (AV)Z ehould be proportional te I, 4f T is conatent, The
curve in Figure 15 shows that this 48 approximataly the cass st lszastso long as

the isnization current i2 nct teoo large. For largé values of the fonizaticn zurrent,
a Zeviation frem the proportiomality law becomas arparent. It is powsible that

thie deviation may be caused by srace charge effects which decrease the field in

the crambers, thereby increasing the time of collecticn of electrors,

Figure 16 gives (ch)2 as a function of the vcoltare appliled to the chambers
for two fixed positicns of the Y -ray source. In both cases, the ionization currents
reached their seturation values at atcut 400 volts, These saturation values were
0,19 and 0.5, microamperes resgectively, The dependence of Lﬁ}V)z on the clamber
voltare shown in Fipure 1€ can be understood qualitatively if one considers that
in the case in queztion the recclvirg tire T was mainly determined hy the time
of collecticn of the electrcns, since thié vag long compared with both the input
time constant and the time of rise of the amplifier, Herce, the observed increase
cf (c;v)3 with voltage reflects the increase of tlie average Jdrift velocity of
electrone in the chambers,

Equation 40 may be expected to give the correct dependence of L3V on I andt
but cannot be'used for an accurate calculation cf {3V, because of the simplifying
assunptione which have been made in 1ts derivation. However, if one takes T as
equal to the time of rise of the ocutput rulse,and if one calculates m by assuming
ttat all particles have in the chamber a track length equal to the chagber dianeter,
the cnleulated value of (£>V)2. calenlated from Equation 40, is within s factor of

two of the obaerved value,

10,10 LIMITS QF VALIDITY CF THE THEORY

The method developed in Secticn 1 for the corputation of the signal cobtained

from an ionization chamber breaks dovm when the ionization current varies very
rapidly with time, Two assumptione were implicitliy made in the argument leading
te the fundamental e~uation, Equation 8, ﬂamely:

{1Y The variations cf the ionization current in a time of the order of the
APPROVED FOR PUBLI C RELEASE
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svaneit tire of an clactromagnetic Atetvurbance through the chamber are neplicitle.
If 1t were not go, the gienmle obtrined {rom various porticns of the chamber woula
not eimply add up, as Fquation & lmplies, This conditicn may Dde sxrrezsad by the

{neauality

e Bl e (21)

>

where ! revrasents the larpest linear dimenrion of the chamber and ¢ is the vslocity
nf light,

(2} The varjations of the repretic erergy mus® be sufficiently small so tnat
thay may he neglected In the erarey btalarce, If W  representa the magnetic energy,

this conditicn is exrressed vy the inequality

4K
w-ranece S CORNA M (L2)

New Wm is of the. crder of h,iz H” where h reprasents the separation of the electrodes,
J. their linear dimensicn, and H ig scme averspe value of tre magneiic fleld, H, in
turn, is 6f the crder of ) edfc 21/ 5. (For instance, TIS§/C 4a the fieid at

the edge of a circular rerallel rlate chawmber of dis:eter { , in which the ionization
current has a conrtant density 2j.) Hence the condt tion given in ¥aqustion 42 may be

rewritien as follows:
(n/e”s (A1°/38) << ¥ 1
¢

nr

(L 2/e%)  (21/at) <& vrﬁ’/h (L)

It is easy to show that if Faustion 41 is satisfies, then Equation 427 is
pati{sfied as well, at least in nll rracticsl cuses, In fact the condition given in
Fauntion 41 gives . 2/62) (e1/at)& (£ /c) 1. The qusntity ( ¢ /e) I represents
the charge cnrried by the ionization current during the‘transit time of an

electromagretic disturbance through the chamber. Thie is always small ceoarared with

? .
the quantity L /) vV, which represents, apart from a snmerical facter, the charge
APPROVED FOR PUBLI C RELEASE
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rresent on the electrndes on sccount of the field existing between them., Therefore

. we conclude that condition (1) is not conly necessary, but in all rratical cases,
alao sufficlient for the validity of the theory develored.

As we have seen in Chapter &, the drift velccities not only of ions but also
of free electrons are always very amall compared with the valocity of light, This
means that in the case of an instantanecus burat of jonizaticn, the ionization current
will set in suddenly but will subsequently vary with time at a sufficiently slow
TAate g0 as to insure the validity of our aprroximation, It follews that evean tho h
the thecry develeped does not enable one to calculate the current I for a time of the

order cfi/c after the production of the ioniiation buret, it will pive correct

rezulte for sll subseouent times,

10,11 __VERY RAPIDIY RISING IONIZATION PULSE

The theory is inadeguate for tre solution of a 'pract.ica] rroblem only in cass
one wante to calculate the siznal produced by a source of ifonfzation,the intensity
of which kesps increasing very rapidly with time, In this case one haz to start

from the Maxvwell egquationa, which read:

3 1 X1
éurl E S « o _E-T‘
2 E
. eurl 5%‘ >t 4,4110(“*'7 -n" %)
SN . . ~ (43)
dlvy B 2 4T e(n « n")
-% -
div H ~ 0

The fcllowing simplifying assumptions will be mnde:
(1) The electromagmnetic £ipnal produced by the ionizaticn is sz»all compared
witl the rre-axisting static electric field, This meane that ?and —;:)may be
. considered as pgiven functions of the position,
{2) Recombination and attactment are negligible, This condition becomes less

restrictive as the pulse becomes faster, It means that the ion and electron
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——)\

: -—
‘ denaitiea n', p”..anm? the corresronding 4rift velocities, w' and w° are related

ty the equations

(8
e
1

—l—i’L v ]n‘ ;2 -pt grad n‘]

dt o ' (a4)
- -2 - -

‘{)t 2 n, - div [n w - D prad n |

where B, rerresents the mumbe. of icn pairs rrodiuced per gecend and per unit

vielume at 8 given roeitior, Ar a consequence of the first assumpticn, Equatiore 44

are nct connected with Eouationsd3 sl may be solvad semiarately, with the boundavry

conditions that n' 2 0 at the roeitive electrode, ard n” < 0O at the nagative

electrode, The values thus fecun? can then te intreduced in Equationsii.

is an exarpls, let us ccnaider the case that tha intensity of the fcnizing

radiation increasea exponentially with time so that
n, (x, v, z, 1} = U (x, v, z) oth’

Since Equatiors{4 are linear in n* and n”, and since the only term which depends on

the time exnlicitly 12 an exconentisl function of the time, there exist soluticns in

which n* and n= devend on the tine as et/t » These solutions satisfy the correct

{nitial conditions if we assume that n* and n" are zero before the begirning of the
jenization pulees ( t Z .™), Thig means that the only terms which depend exrlieitly
on time in Waxwell's equatiore (Equation 43) are sgain expcnentinl functions cf the
tyre et’/t » As a ccossouence, the vectors ?and ;, which cdescribe the electromagnetic
disturbance vroduced bty the tulae, also vary with time as ct/‘ y 3T we only ssaurme
that they are zero befcre the icnization rulse begins. We concluds that, under the
very mildly restrictive conditions set forth abuve, a scurce of ionfzation, the

intenslty of which increases exponentially with time, will almays rroduce in an

‘ ionization chamber a signal which exhibits the same time dependence as the intensity
1t851f.(1)
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)
it can be ghcwn esaliy that, while the ahsence of recembination is an essantial
cendition for the validity of this result, the absence of attachment is not.

- R =

i

In many practical casesz, diffuzion may be neglected. If the signal is very
. ...,) —
short, tre terms Aiv (n* *%) and v (n” w") in Equation 44 may alsc be neglected

and n? and n” are then piven by the ejuations

t
ot (x, vy 2, t) 5 n" (%, 9, 2z, t) = «/(;o {», 7, 2, tl) dty (45)

[vg

if we m2sume that they are hoth zero at the time t = O, This means that in
Vaxwell's equations we may coneider ths density of charge as zero and the density
of current as a given function of time and position,

Ae a practical avrlication, lat us coneiécr the following problem, A coaxial
line of infinite length consisting of twe conducting cylinders is filled with a
gas, co that {t forms an fonization chanter, The two cyliniers are at different
voltages with the outer cylinder, for instance, positive,

For the descripticn of the field, a cylindrical system of coordinates (r,(Q. z)
will be vsed, with the z axis nlony the axis of the line,

[et us necume that a section of the line of very small length /5 and situated
mt z = O 1e uniformly icnized by an extsrnasl agzent, .Furthermora, let us sssume
that the drift velocities of ions and electrons are proportional to the electric
field, an® therefore inversely proportionsl te the r coordinate, This means that
the currant density in the jonized layver is inversely prorortional to r, so that

fie ateclute velne i piven by asn exprecsion of the ferm
e § = o 3 -j'f:—-@we; (4¢€)

whers & ¢ the radius of the irver tule and §. Lc Lhe value of J at the surface of
trisx 2lmcirada, If xq+ oyl wa' sre tre sraclute values of the drift velocitien at

the same rlace, 1, ir civen by

. s - 4 -y X " ¥ - .
SRS l.*,, .« /'* \tl.'nt, ‘,L'?)-
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New 4t is well known that in & coaxdsl line nade of two perfectly conducting

cylinders seyurated by an uncharged dielectiric of dielectric constant equal to 1,
Vaxvell's equations have solutione it which the electric vecter has only an recomponent
Er’ while the ragretic vector ras only a @-component, H . Er and H{Q are equal

G
in masnitude snd are giver ty equaticne of the tyre

E,. H& s (1/v) fl (L - z/¢) (48}

or

[ 1]

Ey -H@ z (1/r) f, (t + z/c) | (49}

Equaticn 4P rerresents a transverse wave projegniirg with light veleeity, ¢, in the
d{rectiocn of the vositive 2 axie, Equetion 49 rerresents s transverss wave
vrorapating vith the rame velocity in the regative directicn,

Tt ix susy to st.cv that, under the assumpticrne nade above, the icrizaticn
pulze wil) produce two waves of this 4yre provegnting 4in oproeite directions from the
ionized layer, For this purpese, we only need to prove that the boundary conditicns
8t 7 = 0 can te satisfied by sssuming that the eclectranapretiec fielé is rerreaented
by equaticns of the type in Fouation 4R for z> 0, and by equatiorsa of the type in
Fountion 49 for 2z { O, Theze boundary cornditions state thet E 18 continuous acruss
the jonized layer, while the value cf?changes bty 4 7/c times the surfece density
of current in the ionized layer, Since we have mseumed that the outer corductor
is vositive, thiz current roirts towerds the imner conducter am' the boundary condition

give the follewing equations

"
Q

(" /r3 f] () = (/v £ (%)

(a/r) £ (1) 4 (/r) 1, (1) (41/e) L5 (a/r) o 3,

These ecuations may bhe sstigsfied for all values of 2 if cne teken

£y (8) = £, (V) 2 (r/e)dsae 1a ()
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The solution of cur problem i= therefcre:

Ep & B 2 2T/c)(afr) o 3, (t - 2/c) for 23>0
(50)
F. = Hoos /) laf) o §, (44 2/c) for 240
The current, 1, in the inner tude csn bs calculated from the equation
Ll % 27y He (51)
Topgether with Fcuntior. 5C thie gives
"I (z,t) = (mleirs e 3o (= 2/c) for 2> 0
(«2)
I1(z,8) ¢ (m/aYnae 3a (¢ + 2/¢) for 2< 0

The ~usrntity 2 ITsAja reprasents the total charge flewing from the ionized layer
Into the Inner cenductor ver unit time, Herce, Ecuations 52 simply mean that the
cu:‘i‘enl erterine the ripe at 2 = C gplite Inte two squal rerts which prorepnrte with
light velccity In the two orposite 2irections,

If the icnized layer s not infinltely thirn, as 1t iz sssumed sbeve, then the
solution of the vrehlem csn bte chtained ty subtaividirg the ionized layer into an
_infinite rurber of Infiritely thin layers ard takirg the eum ({,e., the integral)

of the solutions corresponding to the elenentary layers,
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CHAPTER 11

Ga3 NULTIVLICATION

11.1 GENERAL CONSILERATIONS

When in a portion of the voiume of an ionization chamber, the electric field
strength exceeds a certain vaiue, the electrons which penstrate this volwre will
acquire, between collisions, a sufficient energy to ionize the gas molecules, Thus
more electrons will be liberated, which in.turn will vrcduce more ionization by
collfsion, until finally all electrons, whether directly produced by the external
lonizing ogent or generated by secondary colilision processes, reach the positive
electrode,

The phencmenon described above is called "gas multipiication” , and it is often
used for the purpose of amplifying the effects ol weakly ionizing radiations. The
chambers to be operated with gus multi;lication are ususlly in the shupe of a hollow
cylinder, with a thin wire stretched along the axis., The wire is always positive
with respect to the cylinder and, when the dificrence of potential between the two
electrcdes is sufficiently large, there exists around the wire a cylindricai region
where gas multiplication takes place, The diameter of this cylindrical region is
usually a small multiple of the diameter of the wire. Hence, its volume is very
snall compared with the volume of the chamber, and the probability of an electron
being produced in it by the primary lonjzing radiation is negligible. The electrons
produced outside of the region where gas multipiication takes place produce, on the
average, thre same number of jon pairs by collision before reaching the wire. Let
us denote this number by n-l, so that n represents the total number of electrons per
primery ion pair in what we may call the "initlal avalanche", InAaddition to the
electrons set free by collisions, electrons may be preduced also by photoelectric

efrect, because ionization and excitation of the gas molecules by electron colllsion

. result in the emission of photons. Sincathé excitation energy is always smaller than
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the ionisstion energy, when the counter is 1'1lled with a ,ure gas, photo-electric
ef'fect can onl& occur on the cathode, \then, however, the.counter is filled with a
gas mixture, photons emitted by rolecules of ovne iind ray be able to ionize molecules
of unother kind. Let¥ be the average number of photoelectrons produced per ion pair
renerated in the gas (where always¥<K1 ). Then the initial avalanche of n electrcns
will be accamianied by the producticn of Yn photoelectruns, which will produce a
secondary avalunche of ¥n< clcctrons. The argurent may be re.ested and one finally
obtains the following expression for the ﬂotul numter 4 of electrons set free in the
chimber when one ion palr is produced by an external apent:

KEn+Er Y RS L. i1

The va.ue of ¥.- .evends on the voltage applied, when the voltage is suffi-
clently low so thot Fi1kl, we say thuat the cheumoer is overated s3 a "proport.cnal

counter". The numbter M is calied the "gis multiplication" and its value is given

by :
(d~-¥n) _ (1)

This equation shows that if n is sufficiuntly small, M is -ractically equal to n,
which means that Lhe jhotoelectric effect can be neglected,
| If the vcitage is such that ¥n>1l, then Zquation 1 gives i{ = oo, wh.ch physi-'
cally neans that an eleciric breikdown occurs in the chamber, 4 chamber operated
under these condaitions is cslled a "discharge counter", The discharge ray be in-
_herently unstable, or may be juenched by externul wmeans. Not much development work
on discharge counters was carried out at the Los aAlamos project, Hence, we shall
limit our consideratiovns to the counters operating in the proportional repgion.
First, it should te pointed out that a proportional counter us defined above

is not necessarily "proportional". In fact,K the gas multipiication is a constant,
i.e., independént of the primary ionization, oniy as long as one can neglect the

medification of the electric field near the wire caused by the space charpe, this

1s the case when both the primary ionizatiun und the gas multiplication are suffi-

.
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ciently suwall. Let us assume for the roment that this condition is tusirilied, and

let us assune, noreover, that nc electron attaicnment takes place, Then the gas
multiplication ¥, for a pgiven gas, wiil be a functiun of the diameter a of the wire,
of the diameter b of the cathode, of the pressure p, ot the voltage V, «cross the
counter. It will also depend on the nature of the cathode, if the photoelectric'
effect plays a role. If, however, the phtoeclectric eftect is negligible, which is
always the case for sufficiently low values of the gus multiplication, then the
nature of the cathode is immaterial, snd all significantvphenoména take place at a
small distance from the wire, Hence M will not, change, if V, and b are changed in
such a way as not to alter the field at the wire. #oreover, M will remain unchanged
if a and b are multiplied by a common factor k, p is divided by the same factor, and
if Vo is kept constant.' In fach, by so doing all linear dimensions, inciuding the
mean free paths, are multipiied by the same fucltor k, while the eiectric field
strength is divided by k. Hence “he¢ energy guined by the electrons between colli-
sions at corresponding points of the two counters is the same, and the numboer of
collisions for electrons travelling between two corresponding points of the two
counters is also the same. 1t follows that M can be expressed as a function oi the

ratic V, /log (b/a) and of the product pa:

v
M= M O __, pa 2.
<log(b7a) ) (2)

We want now to discuss qualitatively the tiwe dependence of the pulse

 given by a proportional counter. For simplicity, we shall assume that the
wire is grounded through a resistance R, sufficiently large so that the
product RC of this resistance times the combinea capacity C of the collecting
electrode plus the input of the amplifier represents a tine long compared

with the duration of the pulse. Suppose now that Ny ion pairs are produced

simultaneously at a given point of the counter. The electrons will drirt toward

the wire, causing its potential to vary by a suall amount. «s soon as the

glectrong reach the neighborhood of the wire, gas multiplication takes place.
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Ina very short biﬂm‘%ll the eilectrons formed b& collisibn will reach the ﬁire,and
during this i;me the péﬁential of the wire will undergo an appreciable change. . xt

the same time, the positive io;s will start drifting away from the wire at first
rapidly, then more and more slowly as they go into the region where the field is
weaker. Thus the potentisl of the wire will continue to change after all electrons
have been captured, first fairly rapidly, then very slowly. Hence the pulse of the
proportional couhier may be expected to exhibit a shape of‘bhe type shown in Figﬁre 1.
The “delay" t1 in the beginning of the pulse depcnds of course on the distance from

the wire at which the original ions are formed. If this distance is of the order of

one ém, t1 may be expeﬁted to be a few ténbhs of u microsecond. The'time interval
t~ - tl in which the gas multiplication takes place and the clectrons are swept
away is only a small fration of a microsecond., The totdl time for the positive ions
to reach the cathode is of the order of a milliisecond, but iost of the pulse due to
the motion of the positive ions takes place in u much shorter tire, while Lhe posi-
tive ions travel in the intense field near the wire.' The contribution of the elec~

tronsito the pulse is in genéral smaller than the contribution of the positive ions,

K

" because the ioﬁizatioh by collision takes place‘usuilly at a distunce from the wire

omaller than the wire radius.

In the case that the priury ions are not produced all at the same place, but
nre distributed along a track of finite length, the elsctrons from the varipus sgctions
of the track will reach the region wheneﬂmltiblication occurs at various times, <his .
modifies the shape of the initial part of the pulse in a munner which depends on-the
pusition and on the orientation of the track:. Hokever, the sﬁape ofithe pulse, after
a time long compared with the time of collec@ion-of-eléétrbns, ﬁill not be appreciably
affected, Also, as long as spice charge effects can be qéglected, the pulse shape,
for a given gas multiplication, will be inéependent of the'ndmber of prirary ions.

Usually, the time constant RC, or more generally, the resolving time of the ampli-
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bag

Figure 1

Schematic representstion of the shaupe of the .ulse of a propor-

tional counter,
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fier is chosen 80 as Lo be iurpe coupired with the time t, for the collection of
electrons, but short compared with the totul time for the collection of positive
ions. The observed pulse shape will then be of the type represented by the dotted
line in Figure 1, The pulse height will depend somewnat on the vilue of the resol-
ving tice but will be independent of the positicn ot the Lrack bacause this only
affects the shape of the initixzl part of the pulse, as pointed out aﬁove.

ngain, under the assuwption that spuce charge eftects can be neglected, the
time dependence of the current,through the counter, when a continuous source of
ionization is suddenly turned on or off, is iuentical to the time dependence ot the
voltage of the wire when-a number of ion pairs is produced simultaneously in tie
counter, exactly as in the case of an ionization chamber without gas multiplication
(sce Section 10.4).

The analysis of the operstion of a proportional counter, when spaéc churyge
effects cannot be neglected is hopelessly couplex, The eftfaect of the positive space
charge left near the wire after thu renoval of the electruns is to weaken the field
near the wire, thereby decreusing the value of the gas multiplication. IPossimly
the size of the effect could be calculated in the case ot a uniformly irradiated
chanber. Such a calculation, however, would have little bearing on the problem,
which is practically more important, of determining the e!fect of the space charge
ina proportionai counter usea for the detection of individual ionizing particles,
In this case, the total number of ion pairs produced per second in the counter is
not the only factor to be considered., The gus multiplication for a piven particle
will be influenced by the spuce charge produced by purticles which have penetrated
the counter at earlier times, as well as by the space churge produced by the particle
under consideration. These two effects require separute investigation. the second
effect will depend, among other things, on the orientation of the track, because this
determines both the length of the wire over which the spuace charge is distributed

ana the time interval during which the space charge is produced,
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In conclusion, it does not seem practically possible to predict theoreii-
cally the conditions under which space charge effects stert to become n9ticeable,
nor to describe accurately the operation of proportional counters when this occurs.
whenever proportional counters are to be used for quantitative mea;urements, it
is advisable to test their oneration hy Checging the uniformity of the pulscs pro-
duced by particles dissipating a given amount of energy in the counter, and possi--
bly by determining whether or not the gas miwltiplication is independent of the

primary lonization.

1l.2 BAPERDANTAL VALURS OF THE GAS MUZTI?LICﬁTICN FOR VARIUIS. GASES

It.has been: shown in the precediﬁg section that, for sufficiently low leues
of the gas multiplication M, this quantity, for a glven gas, may be expected to
b; a function of the two variables Vo /log(b/a) and pa only. Therefore it will:
be possible to calculate i for auy set of values of V., p, @ and b if I has been
measured as a function of Vé and p with a given counter (a and b constant),

xeasurements of ire zas mulbiplicanién-as a function of voltage and pressure
were carried out for a number of gdses in the foliowing way. Alpha-particles from o

a polonium source were introduced in the counter and the pulses, after suitable

amplificaiion, were ouserved on the screen of an oscilloscope. Then the voltage
across the counter was reduced until the counter was operating as an ionization
champer without gas multiplication,1xd the gdin of the amplifier was increased
until the output pulses had again the same amplitude, The increase in the gain
of the amplifier was taken as a measure of the gas multiplication. This proce-
vdure would be rigorously correct only if the resolving time of the amplifier was
large cozpared with ihe duration of the paides, Actually, its value was ap-
proximate,y 1lOC microseconds, which is long compared with the time for the collec—
tion of electrons but short compared with the time for the collection of the

positive-icns, The error thus introduced, however, is not veory sericus

bezause when the counter is used without gas multiplication, the pulse is
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mainly due to the motion of the electrons (see Section 10.6), and when it is

used with gas multiplication, the main part of the voltage change caused by the

motion of the vositive ions takes  lace in a time short compared with 10G micro-

seconds. Moreover, this error does not affect the relative values of M because

the pulse shape of a proportionsl-counter does not change,appreciably with gas

multiplication,

Some of the gases investigated are listéd below, along with the references

to the figures which summarize the experimentul results. It must bé emphasized

that no effort wis made to reach any high degree of’ accuracy in obtaining the

experimental data here presehted:

2

Tank Hydrogen

Fig.

Fig, 3 Methane

Figs. 4 & 5 Tank Argon

Fig, 6 Spectroscopic Nitrogen

Fig. 7 - Boron Trifluoride

Fig. 8 90% Hydrogen, 1G4 Methane mixture
Fig. 9 98% irgon, 2% CQp mix£ure

Fig. 10 9% Argon, 10% COp mixture

Fig, 11 84% argon, 16% Propane mixture

From an examination of the experimental results summarized in rFigures 2 to

11, one can draw the following conclusions:

(1) 1In most cases, the gas multiplication is, over a wide region, an

approximately exponential function of the voltage.

(2) The slope of the curve which represents log M as a functionof V,

increases with decreasing pressure and decreasing wire diameter. Ytor low oressures

of hydrogen, argon, or nitrogen, the gas multiplication changes so rapidly with

voltage that the counter is difficult to use. The addipion >f a small amount of
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Figure 2
Tank hydrogen 99.97% pure, VWire diumeter 2u = 0.010"; cylinder
diameter 2b = C.B7". Gas multiplicaticn M vs voltuge for pres-

sures of 10 and 55 cm Hg.
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Figure 3

Methane 85% pure. Wire diameter: 2a = U.L10"

; cylinder disneter

2b = L,87". Gas mmltiplicution M vs voltage fcr pressures of 10

and 4C cm Hg.
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Figure 4

Tank argon 99.6% pure. Wire ciameter 2a ¥ 0,01"; cylinder dismeter

2b = 0.87", Gas muigiplication ¥ v3 voltage for.pressures of 1C

and 40 cm Hg.
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Figure 5

Tank argon 99.0% pure. Wire diameter U,001"; cylinder diameter
1.56", Gas multiplication M vs voltage for a pressure of 6,8 at-.

mospheres,
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Figure ¢

Spectroscopic nitrogen. Wire diumeter 28 = L.WW1M; cylinder di.metcr

1.56", Gas multipidcation M vs voltage for pressures frow U.% to

h.25 atmoépheres.
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Figure 7

Boron trifiuoride. Gas multiplicution M vs voltuge. Curve A:

wire diameter 2s = 0.010"; cylinder diareter 2b = 1,50"; pres-
sure p = 10 cm Hg, Curve B: wire diameter 2a = G.CG1"; cyiin-

Jer dlanmeter 1.56"; pressure p = 8uL.4 cu Hg.
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Figure 8

S i

o
_. 001D
9% hydrogen, 1(% iethune mixture. Wire diameter 2xn = D>

cylinder diareter ib - 0,874, Gas multiplication M vs voltage

for pressures of 1C und 4L cm Hg.
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Flgure 9

©.010°
98% uryon, 2% COs mixture. Wire diameter 2a = OUPC™; cylinder

diameter 2b = U.87", Cas multiplication M vs voltaye for press-

ures of 1lU and 4L cm Hg.
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Figure 10

0% argon, 10% COp mixture. Wire alareter 2u n C.005"; cylinder
diameter 2b = 1.,50", (Qas multiplication M vs voltage for pres-
sures of 1.13, 2.15 and 3.5 atmospheres, .
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Figure 11

84F argon, 16% propane mixture. Wire diameter 2u = 0.001"; cylinder
diameter 2b = 1.50". Gas multiplication M vs voltape at a pressure

of 0.83 atmospheres:
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carbon dioxide to argon or of metharie to hydrogen makes the dependence of M on
Vo at low pressures much less critical.

It may be added that an attempt was made to verify experimentally the
relation ex,ressed by Equation 2 by com;aring the curves of V, vs p at con-
stant ¥ with argen filled counters of difterent dimensions, namely, 23 =
duduty 2b o= GWBTM; 23 = 0, D - 1.50"5 20 = L,002", b - 1.50"; 24 -
Lo 5", 2b - 1,50", Liscrepancies of the order of 10 per cent were found
vetween the values of V; observed with a given counter and thoase ccmputed
by means of Equation 2 from the results cbtained with a counter of different
dinensions. It is difficult to decide whether or not the observed dis-
crepancies are significant. They nay well be due to errors in the measure-
ment of the wire dimmeter.

1.3  THE CHAPs CF PROPORTICNAL COUNTLRS

The shape cf pulses from a projourtional counter was investigated Ly
determdnin the intensity of current as a function of time innmediately sfter
a constant scurce of ionization is suddenly turned off. For this test,'the
pulsed x-ray ejquipeent descrioed ;n Sec. 1u.8 wus used, The counter had un
inner diuwteter of L.75". dhe wire was 0,U10" in diameter and o" in length,
[ne x-ray beam was uadmitted into the ccunter through a thin brass window,

The irradiated section of the counter wus 1.5" in length, The counter w:s
connected in th? same way as the ionization chamber shown in Figure lu.il,
The resolving time cf the ampiifler was C.8 microseconds.,

Some of the results obtaired with a pgas filling of W cn Hg of Qrgun
and CO, (98% argon, 24 co, ) are shown by the photographic records repruduced
in rigure 12, The length of the vweep was 07 microseconds, Trace (a) waa
obtuined with 300 volts across the counber, at which voltage no ges multipli-

cation occurs. Under these conditiong, the current through the counter was
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Figure 12

“hotographic records of jpulses of o cylindrical chamber upon sudden
interruption of constant source of ioniz.tion.

a. wit out gas multi ication
b, with gas multi_ lication
c. calibration pulse

The g~in for (b} and (c¢) was about 3U times smaller than for (4. The
total duration of the sweep wis 07 microseconds,
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1.3 xlo'seuwperes. Trace (o) was cbtained with 10LL volts across the counter,
1t which voltage the gas muitiplicatlion was sbout 30, giving a cucrent through
the counter of ©,5 xlb”7’amperes, Truce (c) represents a calibration pulse
obtuined by sending through the lLleak resistor of the counter o current of .5
X 10~ amperes and then cutting it off clectronicaliy {see fecticn 1U.2,. “he
£ain of the ampiifier was of course much lower for the traces ¢(bj and (¢} than
it was for trace {a). Figure 13 gives the current ;s a function of time, us
obtained frou the counter pulse shown in trace (b) of Figure 12 and from the
calibration puise shown in trace (c). One recognizes that the shape of the
pulse exhibits the features which cne ray expect frem a qualitative analysis
o the operativn of the counter, us discussed in Section 1.

kxperinents were carried out with different values of the x-ray intensity
»t pressures from 2u cm lg to 76 em 4y, and of the multiplication from 20 to
3., o large differences in the pulse shapes were detected.

Ll.g  DEPENJENCE Gl TiE PULSE HEIGHT ON THE 'ISTANCE CH THL TRACK FROM

TH: WINE

It has been pointed out in Section 1 that the height of the pulses of a
oroporticnal counter shou.u be independent ot the di «tance of the ionizing track
from the wire, provided no electron attachment takes nlace, This wis tested
experinentally for a number of guses, at preséures both ﬁbQVe and below ut-~
mospheric¢., The measurenecnts at nressurea below atuospheric were carried out
by shocting polonium & -particies parallel to the axis and close to the cylin-
der or close to the wire respectively, 'The measurements at pressures above
atmospharic were carried out by using two polonium sources, one deposited on
the inner surface of the cylinder, the other deposited on the wire (the range
of the & -particles, &t the pressures used, was siall compared with the diameter

of the counter). Some of the observed ratios p between the pulse heiights ob-

tained with tracks located near the wall and near the wire, respectively, are

APPROVED FOR PUBLI C RELEASE



APPROVED FOR PUBLI C RELEASE

109

Figure 13

vurrent sy 2 function of time inm a proportivnal counter upon sudden
interruption of & const.ant source of ionivation (from trace (by,
Figure 12) - ‘
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listed in Table 1l.4-1 along with the .itu describing the experimental con-

ditions under which the measurewents were tuken, The value of F>= 1 found

Table 1l.u4-1
Ratio between the pulse heights corresponding to the same primary
ionization produced neur thc wall und near the wire, respectively, in a
proportional counter,
p = . pressure
2a = wire diameter
2b = cylinder diameter
M & gas multiplication

f = Ratio between the puise heights

e m gt Ben ¢ v . TYES 4 e e T A Serp A o w3

— — — e R S
: 2a : 2b ’
Gas P (inches) ' (inches) M ‘ f
H, 22°cm Hg' - C.U1C 1.5 L2250 © 1.0
A (99.6% 6.R atm. P L,001 156 © 108 L 1.C
pure ! : : 3
CH, 22 cm Hg . 0,010 01,5 L7 S 1,0
" BF 4 (10 cn Heg P00 ;1.5 - 0 8 . 1.0
i i ; :
BF , 1,05 atm,  Gal 11,56 | 128 .02
} H 1 i !
BF 4 i1.G5 utm, NRTO! 11,56 L1000 i 0.15
RLE argon (0.8  atu. L 0,001 11,56 | 128 | 0.2
and lo% : . ! | l S
propene f : !
(commercisl) ; {

for these ratics in the ecise of urgon and hydrozen is in apreepent with the
fact already merticned that no appreciable atlachment tukes piace in these
gases (sce Seciion 8.4; however, hyd:rogen wcs only tested 2t low uressure),
The behavior cf BF3 ;'for which P = 1 when a low prezsure und a compara—
tively thick wire are used, and for which e<3;l wheri a high pressure and a

very thin wire are used, cun be uncerstoud if one ccensiders: (a), that for
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BF 3 the electron attachment decreases with increasing E/p, while for a given
value of Ek/p, it is proportional to the pressure; and (b), thut the field
strength near the cylinder wall, for u given gas multipiicaticn, is weaker
the thinner is the wire.

11,5 ENI EFFRCTS; ECCENTIICITY OF THE WIAKE

The centr.:l wire of a proporticnul ccunter is often connrected at both
ends to metal rods sufficiently thicker than the wire itself so that no gas
multiplicaticn takes place at their surfuce., The wire supvorts sre in this
cis¢ a part of thecollecting electrode (see(a) in Figure 14). In some coun-
ters, Lhe vire may e supported bty and inculatea from two metal tubes which
form gu.rd electrodes (see (b) in Figure 14). In both cuses, the electric
field near the ends of the wire is different from the field neur the cenler.
The modificaticn cf the fleld hus two sepurcite eflfects. The lines of force
near the endas of the wire are not rsediul, so that the "sensitive volume™ is
rot. & rectanpular cylinder, but has roughly the shape shown in (a) of Figure
li. oy Ysensitive volume we understand here the regicn vhere electrons are
produced which give rise to pus muifipiication. also the field strength ap
the surface of the wire 13 wecaker neur the ends and resches its normal value
only at some aistunce fram the ends. This causes the gas multijlicaticn to
decrease grudvally 13 one approaches eéither end of Lhe wire. ’Tho end efsects
were investipated by shooting o -particles in a directiovn perpendd cular to the
wire, at varicus distances from the ends of the wire. The wire was 0,010" in
ciameter ond supporting rods L,025" and C.0LOM™ in diameter resvectively, were
wivd,  The results are shewn in ficure 15, +t is5 seen that the normdl.gaa
maitiplication is reached only at 4 considerabls di<tance from the ends of the
wire, o distance which ipgreases with the thickness of the sup orting rods.
tn the ctlwr asnd, if the supporting roos are .art of the collecting élec-

trode, they cannot be made too thin, iest gas muiti:ilceticn takes place at
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Figure 14

tifferent, w-ys of supporting the central wire in a ,roportional

counter. Shaded areas represent insulators.
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Figure 15
End effects in a proportiocnal counter for tao differeant thick-

nesses of the wire supnort, Wire diameter 0,010 inchg cylinder
diameter 0,87 inch ; ras filling 22 cm dg, of Hy; gas multi-

plication 250,
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3.4

their surface, (It nay be pouinted cut that in the measurements mentioned
sbove, when C,.0U25" dlameteor supvorting rods were used anc phe gas multipli-
caticn at the wire waz 25, a gis pmiti-lication of about 10 was observed
at the rcds,)

The end effects muy be avoided by suvporting the collecting wire by
means of guard electrodes of the sime diameter ..s the wire, as indicsted
in (¢) of Figure l4. . counter desipgned according to this principle will
ve described in Secticn 14,15,

It hus bewvn implicitly asswied sc far that the two electrodes of a
proporticnal counter wre exsclly coaxia:s cylinders, The effect of a small
eccentricity of the wire shall nuw be irvestigated., We will assume therelore
thet the inner and outer electredes are cylinders with their a-es peralleld
but riot coincident. The problem of deterndining the electric field between
tne two cylinders may be solved by considering the fileld produced by two
straight pirullel (ilaments of infinite length, uniforaly charred with equal
snd opposite iinear densities of chuyrge., If we denote with A il ~ A the
densities of chirge, with r,, and r, the distances of 4 point P froo the nosi-~
tive and the ney:tive filument, res:ectiveiry, the potential it the poiht
P has the expressiont

V = 2Aleg m+ k (3)
where m < r2/ ryo and k 1s a con.tant,

It cen be shown easily that the equipotentiul surfice corresponding to
a given vaiue of the voltege V wnd therefore of the pafameter m is a circular
cylinder of radius:

r = d n (L)

i -1
trie axis of which is in the plane of the two filaments, at a distance:

$ =
- | | (5)
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from the positive filament, In the above eguationsa, 4 indicates the dis-
vances between the two filaments,

Suppose npow.that the countér is forméd by two cylinders of radii a and
% respectively, the axes of which are at a disianceA apar"t;, The field between
the two cylinfers will be idertical to the‘fieli oroduced by two atraight
f1laments, arpranged in such a way that the surfaces of the two elecérodes are
equigotentiall surfaces ( sze Figure 18), The distance d between the two fila-
nents and the) values m; and m, of.bhe parameter m 1% Lhe surface of the elec-

teodes are debermined by the following eouations:

wa~ .
te d < QO = i —-—"3:_._.
w < =l N
~ 1 (s)
a5, oy c TE
e a . 1 N -

" a

he pcotentialiV in the spase betweon Lhe twe cylinders is riven by Dyuation 3

ahere the congtant A and k are determined by the bouniary conditions,
ViOformam (1. e., 3% the surface of the
& tnner alectrode )

ViV form=m (¢, 2,, at the surface cof the
@ * ouber electrode)

One thus cbradns:
teg(m/m.)

A 4 7
v 4 -~
A

; (1)
logim /m

E( b} :Q
e elertpic field strength E is comouted as the negative ypralient of V,

" s yrad (1o m)

E T r—— . T

Jop{m /m ) ' {8)
e

Ar an exanmole,

let psy calcalate Lhe magnitade of B for ocints of the plane
which contain Lhe axos of the twe eylinders as well as the two fictiticus line

~harres. 1In tLis plane the fallowing relation holds
*‘ (,+rl

h

alisre the plug sipn refers Lo points of the nlaae €or which rg> 4, and the

APPROVED FOR PUBLI C RELEASE



APPROVED FOR PUBLI C RELEASE

116

Figure 10

Cia,sram for the calculction of the field in & ccunter with eccentric
wire,
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minug sign to peints of the plane for which rgld,

From kquatiocn 8 it followe

— V,

I d . i9)

:- W»AT‘ - -.-vauu-::-—‘-
log(mb, H'a E .I'l (d: l',

If we apply the abcve equation to points at the surface of the inner electroce
(r'1 - a- Sa' ry = e Sa;, we obtuin the vaiues of the waxiwun ana minimun

field strengths at the surfuce of this electrode. These values sre given by

Va

E maxj} = et o d__ :
E min logink:,-’n:a ) {a F Sa\—td * (a :‘;3313

we now assune that the eccentricity of the wire 1s small, Since, when the

(10)

eccentricity vanisnes, d becomes infinity and Sa becoenes zerc, We Cun assuie
that d>>. and 5;<¢Qu- The muxicum relative variation of the field =t the

surface of the inrer ciectrocde as given by bgu-tion 10 ssy tnen be written as

é_g = 2(}&1 4 ;) (a1
kE i J

If 224 und under the assuwption of a small eccentricity, bquations 11 and o

follows

vield
E = L a A .
; ‘;ﬁ" (11,

From this equdation and from the experirertially determined cependence of
the jus multiplication on electric tieic strength at the inner electrcae, one
Call wu5ily deteriine the spreaq in gas twitiplication cuused by a given eccen-
tricity of the wire, For instunce, in inuc case of a 1" counter {(2b =1") with
& ULULO" wire (23 = 0.010"), L.LIU" off center (& = U.LlU") tquation 11! yvields
éjg;;e X 10'4. If the counter ig fitled with hwdropen ut 5b.cm pressure and
ogerubed at a gos multi:itication of ubeut U, such 4 variatiocn ot the slectric
field strength will procduce a chsnge in guas wwitiplicatiosrn of the srder of cne

per cent,

11.0 obresil IR ouiie ab JGHT

There are several reusans for which tracks, rrocecing the s.me amount cf
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icnization in the sensitive volume of 3 proportional counter, md& fail to give
rise to pulses of equal height, Some of these reasons have alr ‘dy been: men~
tioned and include space charge effects (see S=zction 1), electr&h attachment
(see Section 4}, end effocts (gee Section 5), and eccentricity éf the wire
(see Section 5), Other possible causes cf spread in pulse heigh@ are inegua~
lities in the diameter ¢f the wire and particles of dust present on the wire,
These effects are likely to bte particularly troublesome in the case that a
very thin wire i3 used, which it is ne-essary to 40 in order to kesp ithe opere
ating vcltage within reasonahle limits when the gas pressure in the counter

is high, Actually with a given counter (2a = 0 001%, 2b = 1,36", za3 filling
6.8 atmospheres of an argon-propanc mixture; polonium source on the wire) a
spread in the pulse height of the omier of 50 per zent was observea before

the wire was cleaned., Afrer Lﬂe wire hat ween ecarefully cleaned, the spread
in pulse height was r~duced to acout lﬁApar cent.,

A typical pulse height distributicn curve is shown in Figure 17, Similar
curves were obtained with ressonably monoenergetic sources of ¢l--particles
whenever carefully cleansd counters were used, and care was taken Lo Avoid tne
disturbing influence of end effacts or electron capture, Unler these conditicrs,
the width of the pulse heiont distritution, defined as the pulse heizht interval
which contains 50 per cent cf all the ¢hserved pulses, was fourd Lc be between
€ and 10 per cent of the avera pulse height, This represents an apper limit
for the spread interent in the pas multiplication, because 1t is likely that at
least part of the vbserved spread ray be caused by lack of monochromaticity of

the sources used,

C 10,7 NULTIPLy WiRE JOUNTEZR

A proportional counter. in which a grid formed . a2 number of parallel and

equidistant wires takes the clac: of the single wire ysed in the corvent onal

COUNters, wig developed at the Los alamoz baberatovies., ‘e diagram of such a
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Figure 17

Typlcal spread in pulse height for a proportional counter, ®dire
firaneter 3,01D inch; cylinder diameter 1,5 inch; ea3 fillinp 39 cn
A of H, 4 % om Hp of CHgx gas multiplication F20, The experiment
wis performed by shocting a collimated beam of A ~particles throush
the counter, in a direction perpendicular to the aris, The out-
put pulses of the amplifier ware analvsed Ly means of an electronic
daserizinator, The curve gives number of pulses against Lias vol-
tage,  The width of the pnlse height distribution is AV/Vg= 0,06,
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Figure 18

Schematic diagram of s muibiple wire proportionul counter. G, 5
form the high voltapge electrone; W is the collecting electrode,
The arrow P represents the direction of the beam of ioniting pur-
ticles, :
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counter is schemalically represented in Figure 18, The gridi W is mounted

rigidly between two screens, S_ and S;, cof nigh transparency, The grid & is

1
grounded through a resistor and connected to the input of the amplifier,

The screens Sl and S, are connected to the negative high voltage suppnly,

The ionizing particies are admittesd in%to the sensitive volume of the counter
through one of the screens, The electrons liberated by an ionizing particle
belween the screens drift toward the wires, in the neighborhood of whicn gas
multiplication takes place,

For testing purposes a counter was bvilt containing two separate slements
of the type described above, The details of the construction are ghown in
Figure 19, The two counting grids and the three hign voltage screens are
mounted on invar rings and stretched tight by differential thermal ceontraction,
Collimated b=ams of o -particles, from polonium sources placed in the guns
A and B, respeclively, can be directed into the counter through either of two
sots of noles (0,026 inch in diameter, 0,5 inch length, 2 millimters separation),
The holes normal to the plaﬁe of the wires are drilled in a ros making an angle
of 31,50 with the direction of the wires, so that five positicons of the beam
may be obtained between twe neighboring wirrs, The counter was filled with a
mixture of 97 per cent argon (99,6 per cent purity) and 3 per cent CQO,,

The shortest time constant of the amplifier used for the tests with the
counter described above was 100 microseconds,

The pas multiplication as a function of voltapge was measured ah pressures
of 4 cm Hg and 29 :m dg, The results are presented in Figure 20, At 29 cm
pressure the measurements were carried out, a3z desccibed in Section 2, by
comparigson of pulse heights with and without gas multiplication, At 4 cm
pressure, the primary ionization in the counter was too small to permit-
ubservaticn of ionization pulses without gus multiplization, so that the gas

maltiplication i3 plotted on an arbitrary scals (by taking M=l for the lowes!

\
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Figure 19

Construction of a double multiple wire proportional counter,
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Figure 20

Gas multiplication M vs voltage for the multiple wire proportional
counter represented in Figure 19. Gas filling 97 per cent argun; 3
pér cent COp at total predsures of 4 cm Hg and 30 cm Hg. The gas mul-
tiplication for the lower pressure is plotted on an arbitrary scale.

\
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gas multiplication which gave measurable pulsas).

The variation of the pulse height with the distance of the track from

the counting wires was investigated by shooting X -particles perpendicularly

to tne plane of thé wires, through the holes in front of the gun A, A continuoug
and periodic variation of pulse héight was observed as the X -particle beam was
displaced with respect to the wires, The pulse height reached'a maximum when
the. & -particles passed near one of the wires and a minimum when the & ~-particles
passed midway betweeg wires, The difference between maximum and minimum was

about 1l per cent,

The spread in oulse height observed with the & -particle source in a given

poéition was 13 per cent ;3 i, e,,it was of the same order of magnitude as with a
conventional proportional counter operated under similar conditions,

The two count ing units had one common high voltage electrode represented by
the middle screen, The question was investigated whether or not the pulses in
one of the units would be picked up by the collecting electrcde in the other
unit, This was done by shooting ¢f -particles in a direction parallel to the
screens, through the holes in front of the gun B, ‘No induced pulse was observed
and if any was present it was certalnly smaller th#n 0.2 per cent of the genuiﬁe
pulse, The experiment also ghowed that the sensitive volume of each counter
was sharply defined by the screens and no appreci;ble variation of pulse height

was observed as the ({ -particle beam was moved across the sensitive volume,
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CHAYTFR

RETA RAY, ¥'=RAY AND X-FbY DETECTORS

-

12,1 GFNFRA] COMSIDERATIONS

411 of the instruments described in the present section are essertlally
Aetectors of high ererey electrons, Gamma and verave (beth referred to in what
follows as " y-raye™) act upcn the detector thrcugh the intermediary of secondary
elactrons gererated in the walls or in the .gae of the chamber,

nless a very high pressure is used, incividual eleetrorns preduce only a
sra)) numter of iore In a chamler, becaﬁee of their small svecific ionization,
For this resson the electror detectors use® in the loe Alames project were limited
to twe caterories: (a) Adischarge enurters (Geiger-¥ueller counters) in which the
rriraryv ionization rroduced by the electren is uraed to initiate an avalanche; and
(n) inteerating cﬁamhera. by whiech the ionization current rroduced by a large number
of electrens is recorded, _

Recause of the small range of electrons in solid matter, (3 -ray detectors
mus i have very thin walls, or be rrovided with thin windows, at least if ore does
not want to rlace the acurce inside the counter,

Csrmn ray detectors, instead, renerally have walls of a thickreass greater than
the maximum ranpge of the secandary electrens, yst nc* = large as to produce any

anppreciatle attenuaticn of the primery 4 radisticn. .

12.2._YIFID OF ¥ -RAY CCUNTERS

In Aiecusaing the remponse of Jdischarpe counters, we may assume that these
counters record all electrons which traverse their sersitive volume, at least if
the ctressure iz sufficiently high and the counting rate sufficiently low, Hence

these counters have rractically 100 per cent detection efficiency for (-Tays. In

125
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the case of reorays, the counting yield m of a discharge counter, defined as the
ratio of the rmumher of counte to the number of photens traversing the counter, is
given by the vrotatility that at least one secondary electron be prcduced by the
rheton in the 'wall and emerge from the wall inte the sensitive volume of the
ccunter. (Froductien of aeconfary electrers in the gas can usuwally be neglected.)
The thickness of the effective layer, i.s,, the ]aj*er from which secondary electrors
ray emerge into the counter, increases with the "range" of the slectrone, and the
nunber of electrens vroduced in this lsyer is vrreportionsl to ite thickress and

to the cresa-gection for production of electrcre by ¥erays in the wall materisl,
8g for the derendence on the anpgle of incidence 8 of the rhotons upor: th.e mll, if
the secondsry electrcne nroceed ir the dlrecticn of the incoming nhotons, the

¥ield will be infererdent ¢f & « This ie s0 becauvere the thickresa cf the effective
Iayer is nropertionel 4o ccs & s while the path of the preotone i{p thia layer is
rrorertioral to 1/cce & , 1In the orrceite limiting case; i.e., when the electrons
ars cemcletely scattere” sc as to be iactrepically distributed, the yield will be
rreporticral to l/cos@- « This 18 3¢ tecause the thickress of the effective layer,
in this case, in indervendent of © , while the rath of the photon in this layer ie
vrovoriiom] to l/cos’& ¢ A semlerpirical eyrression for the yleld N w8 derived
urder the assumntior of complete scattering, a condition which 18 fairly well
verified for elewents of hipk atoric nunber and for comparatively amall electron
energies . (Vetsllurgical laberatery rerort), For perrendiculsr incidence the

follewine relation holds

N = 0235 (uppRph tu R+ 20, Rm_) (1)

whare U and /upr are the absorption ccefficlents of ¥ ~rays in the wall

ph? /uc
material relative to rhoto effect, Cémpton effect, and mir production resrectively,

and Reyp, Rc and Rm' are the extrarclated ranges of monckinctic electrons of energy

corresvondine to the mean enerpies of thie secondary electrons for the three

trocesges irriicated, The Tactor 2 which multirlies the last ters eorréesponds to
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the fact that when a photon undergces rmsterinlizaticn two seccndary electrons
are nrenced, The murerical factor €.135 {8 cheosen empirically for the best fit
with the evverimental results, -

It may be note’ that accerding to the assumption of complete scattering,
the numbet of slectrons ererping from a piver surface is indevendent of the
orientaticn of this surface in the ¥ e-ray beam, Herce the yisld of a counter
of any ghape can he calculated hy multinlying the'expreeslon -or M ‘given in
Tauation 1 bty the ratio of the total mll area to the croés-sectional arex of
the counter perrenlicular to the di{rection of the ¥ ~ray beam, For a cylindrical
counter with jta axie cerpendienlar to the direction of incidence, this factor is
T ., Fipure 1 rives the calculated yield as a function of energy f@r 8 cyl@ndrical
countar with coorer and biamutnh wallas urder the cenditions specified above, The

hehavinr indicated hy these curves was exverimentally checked by W. C, Peacock.(l)

-

1)
Fassachusette Institute of Technolegy Thesis, 19/4.

e - PR

Admittedly, the assumption of complete scatitering is very crude and the reasen
why it leads to results in fairlv pood apreemant with the exverimental facts is that
it doee not entar very critically in the computation of the yield of a counter if
the walle, from which secondary electrons are emitted, present all rossible
orfentatione to the incident ¥ -rays, as is true in most practical esses,

The variation of'n with energy and with atomic number, as recrresented by
Fipure 1, can be readily understend, at least qﬁa}itatively, by conaidering the
dependence of the ('s and the R's on the two atove quantities.

A completely theoretical determination of the yield for a parallel plate
lead ccunter was sttemoted at Los Alamos, but these calculations apply to energies
higher than those at which Fountion 1 may be expected to bold,

Seme simplifying assumptions were made concerning the energy distribution of

the secondary eleatrons arising from the various procesges, MNoreover, it wae

' APPROVED FOR PUBLI C RELEASE
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Fioure 1

“emting vield M o€ eviindrical counters with bismuth and
coorer walls ae a8 function of ¥ -ray anerpy.
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aasuned that al])l secondary electrons are produced in the forward dirsctien. The
onergy loms of electrons by ionization and radiation, as wel) ez their scatlering
by rmelear collisfon, wes taken into account, Pair production by the secondary
nhotons was neglected. The results are surmarizged in Takle 12,7-1, which gives
the averave mumber of electrons emersing from a lead plate of a given thickness
when a vhoton of & piven enerpgyv falls varrendicularly upon it, Whers this mmber
ia srall commred with one, 1t sleo rerresents the yvield M) a3 defined above; {.a.,

the rrobability of at least one electron emerging from the plate,

12,3 PBRSPOESE OF aN JMTEGRATING CHAMBER

The intansity of the fonizatjon current in an integrating chamber irradinted
with ¥ erays can e calenlated accorately only in the case that the malle and
the par of the chamber have at Teast arrroximetely the same atemic runber, In this
case tre icnization of the eaz in the sensitive vnlume of the chamher is the some
a2 {1f the pas wera surrcunded hy mere gaa of the same nature rather than by the
chamharts wlls, The whole s=nerpy E of a photon which suffers an atsorptior or »
scattering vrocess gces into secordary electrons or into vhotera of low energy., 1%
is eventually dissimated over a Af{stance ghort comraved with the wean free puth
of the orimary ohoton, thareby rroducing E/Wo ion preira, where Wo is the energy per
‘en oalr, Vence, a Y =ty flax of n rhotons rer em? will praduce a number
n,u.*'/‘Wo jon mairs rver cm3 of the gaa, where U is the total adsorption coefficient
of photons in the gma, Tre jonization current in the chamber, which is here

surposed to he uniformly irradiated throuphout its volure, will then by glven by:
y - F. -
I = en/u-ﬁ,; A (..)

where e ja the charpe of tha electron and A the volume of the chamber, 1If & is
maasured 1n electroatatic units, the cuantity e/A,E/Wo represants the number of
roantgens rer incident vhoton produced in the gas of the chamber,

When the walls of the chamber are made of a material arpreciably different

in atomic number from the gas, then the ionization cannot be calculated with
APPROVED FOR PUBL1 C RELEASE
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Fammtion 2. An avrroximzte exvreasion for the total number of ion meirs per second
. troduced in the chamber is Ny (v )av. where N 18 the number of vhotons per
sacond falling on the chamber, 7 is the vield as defined above and (V)av. is the
average mumber of ion meirs rroduced by eact secondarv sleciron in the chamber, The

tenizatinn current 43 then given by the equation:
I = B )]
e¥m (W, (3)

The walue of (Vv \av, may be computed from the specifice fonization of the secondary
slectrora and from their average math length in the chamher, JTn the computation
of the Inttar ouantity one muat take into account the detour factor: 1.s., the
{ncreame In math lenpth crused hy multinle scattering (ses, for inatance, H, B, der
Thegiea, 22,2, re. 26.28), Tt may be noted that when the detour factor is mmall
and whon tha rresgurs in the chamher ip sufficlently low, sc that the range of the
gecondary electrons {im larpge commred with the linesr Jdimenszions of the chamber,
(V)sv. is rractieslly inderendent of energy. Fence, the ionization current in the
chamher shows the same Adsrendence cn the P ~iuy enerpcy as the yisl4d N of a counter
with the samra w1l mterial,

The resncnse of an ienization chamber irradiste? +ith a ¥ -ray source of

wriahle dntensity has teen Atecusced in dstail In Section 10,4, Tt has been
ehown there that tre tetal fonizaticn current follows faithfully the wvariations
of intanaity of the joniging rmifatien only If these varintions are comparetively
2Tew: rore nrecisaly, if tre tiwe during which an aprreciable wariation takes
rlace 1= Yong commred with the time of cellection of i{ont, In the case of variations
which ta¥e rlace in tirmes shert commared wit! the tire of collectinn of ions,
howsvar, only the electron current follows tha changea of ;.}se foniz2ing radistion,
while tha intanaity of the fon current remains practically constant,

. Hance tve charhara to he used for atudying a rapidly varving ¥ ~radiation must

be f11led with a pma in which the electrora ramain free, and in order to avcid

sontaminmtion of thte eas, which may lead to electron gttachment, gsealiig waxes and
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organic insulators must be svoided in the chamber construction,
The relation between the cbserved output voltage and the number of ion puirs

per second produced in the chamber is glven by Equution 1C,26
ot

Vo (t) = e f N(t - tq2 X (t,) dby {4)

o}

where >((t) represent.s the transient response of the detecting equipment including
both the ionizaticn chumber und the amplifier., The function cun be determined by

means of a pulsed X-—rdy source, a3 described in Section 10,8,

12,4 CYLINDRIC:L UT-RAY TONIZATION CHAMBER

Figure 2 represents a cylindrical ¥ -ray integrating ionization chamber 2 inches
in dianeter, 29 inches effective lenth,which has proved very ugeful both in
laboratory und in field work., The gas {iiling ccnsists of un argon ~ (‘,O:1 mixture
{generally 96 per cent argon, 4 per cent COQ) at a total pressure cof about L.5
atnospheres, It %us found that a sufficient purity of the gas can be achieved by
keeping the chaober under vacuum for gbcut 12 hours, £1illing it with the appropriste
argon~002 mixture through a dry ice trap and then letting the gas circulate through
a calciun purifier heated at 150°C for about 4 hours. It was found that this
operation does not reduce the co2 content uncduly. The construction of the purifier
used for this purpose, which is capable of hundling eight chambers simultaneously,
is shown in Figure 3. Ususlly in the chambers thus prepired, no appreciable
electron attachment can be detected even after several months., The volume of the
chamber is 1410 cma. The cap.icity of the colliecting electrode is 12.7 micromicrofarad,
The chamber is ncrmally operated at 2000 volts. Saturution is reached at about
~400 volts, and with 1 gram of radium at 1 meter distance, the saturation current
was fpund to be approximately 6 x 1w amperes. The chamber was primarily
designed for measuring rapid variations of the ¥'-rgy intensity, but it was also
widely used for static measuremants.

For a c¢ylindrical gecmetry and under the .ssumption that no negative iung are

formed, the fraction of electron current i3 given by the equation (see Secticn iC.6)
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Figure 2

Cylindrical Uk-Ray ionization Chamber (see Section 4)

(1)
(3)

(4)

(5)

()

(8)

and (2) Brass end pleces

Brasa cylinder 2"'o.d., 1/32" wall thickness; it represents the
high voltage electrode, '

0.025* diameter kovar wire; it represents the collecting electrode
and has au active length of 29",

and (6) Kovar pleces supporting the ccllecting electrode by
vesns of glass insulators, These pleces are grounded during
operation of the chaztier and act as guard electrodes,

Circular holes {1/2" diumeter) ccvered with a 0.,UG3" braas feil
to admit x-rays into the chamber for testing purposes.

and (11) Ccuplings for connecting the chamber to the filling
systenm,

(9) and (10) Needle valves

(12) Nale amphenol connector, insulated from the end pieces by e

Jucite plate. The pin of the counector is attached to the
collecting electrode; the case is attached to the guard
electrode (5) and to ground.
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Figure 3
Hot calciwvn purifier
(1) Steel end plate
(2) Stesl flange .
(3}, (4) Brass cylindrical sections, 1/8" wall
(5) Brass rings, 1/4" thickness
(6) Steel cylicder, 1/8" wall
(7) Gasket macde of 1/32" corper sheat
(8) 1/4" steel rod

(9) Brass baskets, provided with copper screens ou the
bottom and lined on the aide with copper sheet,

(10) Fackless valves

The heating elament (about 3CC watts power) {s woupd around
the ateel cylinder., The cslcium, in the ferm of turnings
i8 placed in the bsskets (9) by remcving the end platcn%ls
and extracting the inner ascembly formed by the steel

rod (#) and the baskets (Q). The connaection to the punp

is made by means of a 1" copper tube sclédered to the hrass
cylinder (4). All joints are hard aoldered,
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lo“/Io =1 - -5-3%5737;. (5)

where a is the radius of the inner elasctrcde and b the (inner) radius of the outer
electrode, It is here assumed that b >> a and that the outer cylinder is kept at

» negative potential with respect to the collecting electrcde. For ths chamber under
consideration, Equaticn 5 gives IOO/Io - 0.886,

Experiments were carried out to checx the theoretical vslue of ths electron
~urrent and also to determine the transient response of the ionizaticn chamber.
These experiments were performed with the pulsed X -ray source described in Section
10.8 by observing the time dependence of the current subsequent to a sudden
interrupticn of the x-ray beam, Measurements on many chambers of the type described
gave values of Io'/”I° which were usually within 1 or 2 per cent of the theoretical
value, indicating the absence of any appreclable elsctron attachment,

The transient response of the chamber is illustrated in Figure 4. The curve
rarked I'/I° glves the calculated intensity of electron current in terms of the
inftial total current Io as a function of time following a sudden interrupiion of
the radiaticn, This curve wias cslculated under the sssumption that the elactrones
in tha chembter have a constent drift velocity equal to 4 x 106 centimetere per
secord, The curve marked I*/’Io gives the internsity of the pusitive lon current in
terms of Io calculated by assuning a drift veloelity rroportional to the electric
fielcd strength, The curve marked V/RIo glves the voltage drop across the lesk
rasieter R 4y terme of RIo calculated by neglecting the contribution of the positive
jon current whick car be considered as constant during the time of collection of
the electrons, This curve was calculsted by using a value of C.4€ microseconde for
the product KC of this resisiarce times the capacity of tha ccllecting electrcde
and the emplifier input, and by considering the amplifier as havirg infinite band
width. The crosses are experimental pointe taken from the cecilloscope trace, The

agreepent with the calculated curve is very satisfactery, It appesrs from Figure 4

that the oharber feseribed i8 capable of reprodueirg without mueh digtortion
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Figure 4

liespcnse of the cylindricni ionizetion chamber (represented
in Figure 2) to & sudder interrupticn of & constsnt source of
ienization, :

=
14
le
\‘.

X

: electreon current (calculated)

: poeitive fen current (calculated)

: tetal ipitial currert

: veltege drop across the leak resjstor R caused by the

clectron currvent {calculated for RC & C.48 ricroserond)

: Exyperimental values of V.,
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variations of ¥ -rsy inlensity taking yrlace in times of the order of several

microseconce,

d2.5 WULTIFLE PLATE X=FAY TUNIZATIGh CHANBER,

Figure & shows the consiruction of an icnization chamber which was used fcx
reasuring the time dercndence of the intersity of very fast x-rsy prlaes, Ounly
metal, porcelain and glese are in contect with the gas, The seal betwmsen the bettom
rlate and the case is wede gas tight by means of 8 copper gsskel., In corder to
increase the sensttivity, the electrode aesembly'consista of five circular aluminum
discs connected alterrately so thai disce (2) and (4) form'the collecting electrcde,
vhile discs (1), (3) and (%) form the high vcltege electrcde. The gas filling
consiste of an #rioa - GO, mixture (90 par ceut argen, 10 per cent CCZ) at a tctal
rressure of 100 ém lig. The ges is purifiled by elrculsiion cver hot niciif,

The chamber is normaisy opersted at 2000 velits. Under these cenditions the
drift velocity of electrons in the ergen - GQ} mirture 18 higher tnan % x 106
centimeters rer secend. Since the gseparation of the electrcdes ie 1 cantinmeter, the
resolving time of the charber may be estimated to he less thar C.2 micresecornd,

This chamber is tnerefcre considerebly faster than the cylindricel chamter described
in Section 4. This is cue to the unifornly high {ielé previded by the parallel
plate arrangerent ard to the small spécing cf the electrodes. In Filgure 6 twe
oscilloscore recorcs obtained with 370 kilovelt X-ray puises are reproduced, as

an example of the rerformance of the chamber,

12,6  NULTIFLE FIATE ¥ -KAY IONIZATICN CHAWBER

Thig charber, gimilar in principle to that described in 3ection 5, was desigred

for the study of ¥.-ray rulses produced by a bLetatron, Ite conetruction is showr

in Figure 7.
The ¥ eray beam 1s adnitted into the chamber along its axias, 4 high sensitivity

is achieved by the cesign of the electrode aercmbly, which consists of ten thin lead

tlates alternstely connected to the high voltage supply and to the amplifier inpute
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Figure 5

Xultipje Plate X-Ray Ionization Chamber,

\1,3,5)

“yn)

12}
{13)
(14)
{15)
(16)

(18}

Dural disce, 1 mm thick, 3 1/2" in diameter, forming the

high voltage electrcde., They are connected by 3 threaded
ctems wilh brass spacers, These sters, of which two ere
shown in the cdrawing {€ and 7) , are flaced near the esge of
the disce, at an angular distance of 1209, Tac of the stevs
are supported hy percelair insulatcrs (8), one bty the center
piece cf a kovar-glasa sesl (9), wshich provides electirical
cenrection to the high veitege electrode., Discs 1 and 3 have
central holes 5/8Y in dismeter to rermit the rassage cf the
eten (1C) supperting disce Y and 4.

Tural disce, 1 mm thick, 3 1/2* in diameter, forming the
~o)lectirg electrcde. They are euvsorted by & central
thresded sten with Urase svacer (10). This stex terminstes

in the centsr piece of a kcvar glass seal (11}, which rrovidee
clectricel conrection to the cnilesting elestrcde, The twc
diacs have notclies t¢ aveid ccntacte with the stems supportirs
the discs 1, 3,5, (#ee dotail 4).

Steel cylirder, '3/32" wall

Steel plats, 19" thick

Base 2teel piate 1/4" thiek, suvporting tre electrode asee.iiis
Steel flapge, 1/4" thick.

Comnection for pressure gauge

One of the twc gas inleta
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Figure €

Oscillvecdpe records of twe x-ruy vulses {rom a tuhe

cperated Ly a 370 kilovolt Restinghouse inplure genreratwr,
Total duration of the swecyd: 4.4 micrcsecends, X-ray
tube 21 feet from the fonization chamber,

~= A~
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Figure 7

Mcltizle plate ¥ -ray fonizaticn chamter (see Section €)

(1)
(2)
£3)
(4. %)

o

(7

(&)

Brewvs cylinder 1" o.,d., C.025" wall,

Kovar glass seal

Frass cylirder 1" o.d,, 0,010% wall

Brase end rlstes

lLead disus 0,0L0" thick,N,9" in diameter, surrorted at the
eCges by 3 brass stems 0,047" ip dimneter and electrically
connected to the cuter brass csse. 7Twc of the mteuws are
showu in the Srawing (1C). Theee disce have a cerntial hole
€.350" in dlameter t¢ permit the passage of ke rod (11)
waich is part of the ccllecting electrode.

Lead discs, 0.04C" thick,0,f" in dismeter, sujjorted ty Ue
cer.tral bress rod (11) and forving Lhe collecting electrode,

Cornercial Kovar glass sesl. Tre kovar tube at the certer
of the seal suprcrts the red (13) btearing the cclliecting
sintes,

Shield for iead to lhe ccllecting electroca,

Gasg ocutiet
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The brass cylinder which forms the cuter case is kept at high voltage while the

trass eylinder marked (3) is grcunded. The chamber is filled with a mixture of 95
per ceunt argon, 5 rer cent C0,, the srgcn being puriflied by circulation over hot ‘
caleium before beirg admitted intoe the chamber. The total gas pressure is approximatelJ

1] atrcepheres, The chamlber is cperatsd at 27(0 volts,

12,7 _ GAMNA=FAY JCNIZATICN CHAMSER XITH GAS BULTIilICATION,

This chamber (ses Figure 8) was ireigned f(r measuremente of ¥ -ray pulses of

low inteneity, Jts conastruction resembles that of the multiple wire proportionsl
comnter deecrippd in Cecticn 11.7. The high voltege electrode consiste of a set

of lead plates. The cczllecting ¢lectrcde conalsts of a set of btrass diaprragma with
vireunlar noles, Acrcss each hole, hLnree Lnin sieel airec are stretcehed at whose
turfaces as mwultijlication takes ylace, The lonization curient ccriesnanding to s
aiven intensity of radiation is eculisnced Loth by the gas multiplicaticn and by the
muitiple electrode arrangement, The chamber is filied at 2 atmespleres with a
mizture of £C per cent argon, 2C per cert methane, Voltages up to 400C volte can

be ured, rFiving a gas nuitiplication up to 400, Because of the pecullar trarsient
responde of chambers with ges multiplication (mee Secticn 11,3), the current will
net follow (aithfully rapid weriatione of the X «ray intensity. Therefore Lhe most
ngeful applicaticn of the chaalexr descrited alcve is in conjuncticn with ar integrating

cirouit fer the measuremert of the integrated intensity of a X eray rulse,

425 GRJGFR-MUBLLER COUNTERS
riguce G shows the constructicr of a thin walled Gelger-kusller counter cesigned
at the Metallhrgfcal Iaberatory for uste a8 & (3 =ray Aetector, The cylincer (4)
is machkined from a sollé dural rod to a wall thickness of 0CL" to .OCGS5". The
5 eray sowrce i8 usuwally in the fors of a foll which is srapred around the cyliuder,
For uarny purroses it is important that the wall thickiess be uriferm so 45 to insure

uni forns: absorrlion of the > =rayé. uniformity of wall thickness wiil also rrevent

We cylinder frea ceilapsing when it I8 ovacuated. The counter is asseulled ir the
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Figure 8

Gamma ray icnizaticn cherber with gas muitijlicaticn
(see Secticn 7)

(1)
(2)

(€

\t)

£10.,31)

v12,13)

£14,16)

{15)

Prass tu» 2 1/4® o.d., 0,065 wil
Brass end plate 1/4" thick,

Brass end plate i/4+ thick

t

brass flance :
Fuge wire gasket.:

Tead lates « ,OLG" thick, They are suprorted ty two
steel rods with brase spscera of which ore fe zhomn in
the diapram 47),1 These plates form ke high weltage
electrcde, '

brass éiapkrapae atith circular holes aup 8°. wr in detai’ o

tne se~ticn A=A.i Three C.CO3" steel sireg are stret. nel sa-roas tie
ovenirg 174" apart, The dlerhragus ars suptorted by <z~ steel

rods with krese spacers 4 ;. These FAintlragme form the

cuvliecting electrcde,

Fercalain trenlat rs surrerting the hiph voltape olectrcde
mno tne coliecting electrodes, resrectively, They sr+ heid
L0 poeilion Gy retal studs on the end jlate ().

rorceiain insuialcrs surtiorting the nicn voltage elect: de
an¢ the ccllectirig cicctrois. resuectivel:y, They are
faatened witr. scress to the em? plate (3),

Kovarsglaza seald rroviding electrical conrectior to the
righ voitage electrode ard to tne collectiing electroce
rarfectively.

Gas inlet,
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Fipgure 7
Feta ray ccunter (see Section &)

"A) Dural cylimler, CT.004" to (.X5" wmll tilcrness. It
forxs the high voltage electrode.,

{8} Bress anllar '

ij Brass end piate
{D) Neoprene puaket
(&} Glaes-kowur spal
(F, Gas inlat

\3) tyrex insulator
tH)  Bronze sryriqe eiip

‘1) Eover wire 0,005* ifameter,
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foilewing wey, Firatl the glaee-kcvar ssnl (E) 18 scldered into the brass cap (c).
The central wirs asresbly, inclucing the tyrex end (4), 1&g pacde and ipserted intc the
brenze sering clip (H). This unit ie trner insertel into the dural tube (A) sc that
the ends cf the apring fit into the groové cut in §A), The dural tube (A) is - then
clapped to the cap (C) by ﬁeans oflthe fcllar {B), the scvar wire protruding through
the opern end of (E}), The ueoprere gaskel {D) mey be nade of ore piece or from s
square atriy of neoprene if the ends sre carefully fitted togsether. Firaelly, the
cenlral wirs, O,..:5? tﬁiok, ie stxetcheélzzgg;; 223 the kower wire at the end is
sealed 1o the‘glass end cf (E). The dcg!red ters on Qn the wire ray be obtained
by clamping the counter in = vertina;.pbgitiun ana langing a welght on the end of
the wire, Thg counter is usually filled with a pixture of etlyl nlicnol vaper
{1 om Hg pressure) and of argen (9 ow iy précsure;. @ifth this sixture, it operatea
as 8 seif quenchirg ﬁounter. It or3inarilf has.a thrasrold veltays of abiout 5C0 volte
In the best counters, the ccﬁntlng rate ét tse piatsau ircreaces ty 2 prer cent when
the voltage is increased by 16C volts,

Figure 10 represents a brasé valled Gelger-Muslier counter of simple desizn
used in £he Los Alaros laboratory us s ¥ -puy detector., The gas filling {8 the
szme as in Lhé > -ray ceuutér shown irn Figure 9, namely 9 centimetsers argon and 1

centimeter ethyl alcobol. The details ol the conetructicn are sufficiently ciear

from the figure,

12,9 MIGA WINGOR GEIGER-KULLLER GOUNT®R

Figure 11 shows the construction of & mica windes B -ray counter. The countsr
ls prepared and assembiad in the fcllowing way,

The copper cylinder is first washed wlth 5N nitric acld, then rinsed in
alstilled water and drisd in the oven xt 307 € for about i5 minutes, Then the
eylinder is oxidized on the inside by mounting it cn tor of a test tube centalining

Pb (NO3),. The test tube is heated with a gas burusr until the fumes rassing through

the corper tube have caused its inner surface to acouire an aven purcie-brown ccat,

The mica window is mounted with the following technique. The conper flange is
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Figure 10
Gusua ray countar (ses Secticn B),
(1) Bress cylinder, 7/8" in dismeter, 1/32% wall
(2) 0.005" Kovar wire
(3) Class insulator

(L) Kovarsgldss sesl
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Figure 11
Mica window (> ~ray counter 3see Section 9)
(1) Coprer cylinder 1 1/;% c.d., 1/32" wall.
(2) Coprer flange, 1/16" thick,

{(4) FPyrex glass riece, sesled to the ccpper tute with
Dulont high temperature melting wax,

(6) Fyrex tLead, about 0.020" Jiameter
(7) Wica shect 3 to 5 mg/cmz. .
(&) Brass ring .

(9) Stop céeck.
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heated gantly and s ring of high temperature melting DuFont "rarloun” wax ls
depcaites about two-tiiirds of the way t:ward the cuter edpa. Tune aica i3 placed
on a trass plste, which is uniformly hLeated electricslly. The copper cylinder
is aset cn the mica shest and the brass piate {5 kept at » high temperature while
the wax flows evenly as far as the outeé edge of the flarge. The brass cing (8)
i also placed ¢n the het Lrass plate and covered with wax, The cylinder xith Llhe
" mics window i3 placed on top of the ring and allowed to ccol slowly.

Tre counters are fillsd with G0 per cant argen, 10 per cent alcchol te a
total rressure of 1C centimelers Hg, They ususlly have platesus of about 200

velts,

For some special expeyimenta] purpeses a simplie ¥ wrey Gersctor was designed
which anawers the fcollowirp requirementa: (a) it lLas a very small active area; (b) it
enf. be pulsed (i,e,.. it car te rade sensitive for short predetermined time intervals
of the =rler of 10C microsecends); (¢ it provides a sufficiently largs cutput
rulse to crerate recorders without need of furtrer anplification, evern through
long cadles,

The principie adopted in the design of the detector is based upon tha fact
tnat if one taimep the voliage across a apark gap somewhat above the so-calied
aparking potentisl, no discharge gctaally occurs unless electrona are present
hetween the elecirodes,

Ire cetector resembles physically a small Gelger-iueller countar, It is
operated with argen filling near atmespheric pressure, A cirecit current voltage
helow the sparking potential, applies beissen cylinder and wire, removes rapidly
whatever alectrong are liberated iu the counter by ccsmic rays or loeal radﬂoactivi;y.

The voltape 19 raised abtuve the sparking votertial during the appropriate
time interval br superirposing a square voltipge pulse on the direct currént voltage,
1f, durirg tris tise, electruns appesy in the counter, they are sccelerated toward

ihe wire snd {nitiate & discharpe, Iositive 1¢ng will not ;ive rise to a cdischarge
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unless they liberate electrons by striking the cathode, a process which ig usually

' very unlikely. It follews that a discharge will cceur only if an ionizing particle
traversea the counter during a time wxhich coincides approximately with the durstion
of the sguare voliage pulse. (The sensitive time does not coincldé exactly with
the duration of the pulse because of the finite transit time of electroms in the
counter,)

The design of the counters is affected by the requirement that it should
be pcssible to assembles units containing a large nunber of closely areced individual
counters, The Jdesign adopted is shewn in Figure 12, The sounter wall is « platinum
cyiinder of 0,125" irs.lde dlumeter, apnd T.005" wall thickress. The wire ia made
of tungsten and is 0.,005" 4irn diaxeler, It is supported by lucite caps, which are
shared 8o a: te increase tne isakage yath along ths insulating surfuce, The
individual ccunter tubes wmere mcunted between two lucite bars, with a spacing of
.,155" betwesn the axes of neighboring counters,

Tne unil wes assenhlied t, first €}iding the rlatinum tubes into holes previded
in the btars, The wire wus then counected ¢ the spring and threaded through the
hole of the cap (A). The free ¢ad of the wire was peseed through the platiaue
cylinder and inte the second eap (B}, Aftor the caps were in position, the wire
was stretehed and spolwelded tc a stajnlass-steel tad Juserted in a zlot of the
cap {B),

The unit was wounted in s gas-iight box, as snown in Figure 13, Connections
to tue counter wire leads were brought out through scrows inserted in the top
Iucite plate, The vounter ¢yliinde~s wore all coonsclted Lo a common lead which was
again brought out through the top lucite plate,

A hotecalcium purifier vas provid~i in order tc stabilize the operation of

the counters Ly removing impurities from the argon filling,
. The filling prccedure ®as as fcllowa: The unit was first connected to a

vacuum system and evacuated to a pressurs of abcut 1077 centimeters Hg for seversl

howirs,  Then the purifier was raised to a temperature of 350° C until the caleium
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Figure 12

Fulsed ¥ -ray counter (ses Secticn 1),
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Figure 13

Jnlt of Tifty poized ¥-ray counters,
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wvas thorouglly outgaseed, Argcn was then adzitted throv 1 a COE ice trap to a
pressure of geveral centimeters of Hg, A glow discharge was passed through' each
of the counters for asaveral minutes by means «f a spark teater. The unit was
evacusted again, and finally filied with argon to a pressurs of 59 centimeters of
Hg.

Tne electronic equipment used for testing the counters described above is
scnepntically represented by the block diagram in Figure 14,

The pulser produces a square wave voltage of 450 velts in amplitude with &
repetition rate of six per second, The #idth of the squars wave csn be varied
from £0 to Z0C microsecon’s, This square wave is added by means of an RO ccupling
nstwork to the base voitage aprlied Lo the ccunter cylinder. The counter wire is
connected to ground_thrcugh a potentisl divider, W#hen ths counter discnarges, a
pulse of the order of 10CO volts aprears at the wire,and a pulse of the order of
5) vults appears at the point A of the potential divider, I

Tne pulse at point A is sufficient to trigger a univibrator ériving a mesaage
cegister. In order to observe the pulse shape, ocve.of the vertical deflecting
plates of a cathode ray tube may be connected to point A, A statlonary pattern
on the acopes i& obtuined by using a sweep triggered by the ptleer.

A nurber of teats were made on a unit containing 50 individusl counters, 1In
these teats, ths square wave had a width of 150 microseconds.

Figure 15 shows the counting rate in an individual counter as a function of the
direct currgnt voltage applied tc the tube, with a ¥ .ray source of the order of cne
millicurie placed near the counter, This curve resembles the correaponding curve
for an ordinarybGeiger-Mucller counter, The counting rate increases from zero to
the normal value for an iucrease of voltage cof abcut 60 volts, The counting rate
then remains fairly constant over a plateau of 200 io 250 volts width, then startis
rising rapidly. Ne shall define as threshold voltage the voltage at which the

counting rate is one~half normal., We shall define as breakdown voltage the voltags

at which the counting rate ie apprecisbly above normal,
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Figure 14

venematic diagram of the arrangeunant used fur testing
the rulaed countsis,
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Figure 15

vounting rate as n function of the D.C. voltage for a
rulesd ccunter. The sguare pulses which Cetermine

the sersitive reriod had a duration of 15C riecroseconds arnd
an ampiitude cf 45C volts,
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It is obviously desirable that all the counters of & unit have clogely the
sams characteristics s¢ that they can be operated from the seme direct current
supply. Figuie ié Qﬁows threahold voltage and breakdown voltage for the fifty
individual) countera of the unit used. It appears that the plateaus of the various
counters overlap over a comfortably wide range of voltages, It may be pointed out
that this result was achiev?d oniy after thorough cleaning of the counters and
careful centering of the wires.

When the §*-ray source is removed, the ccunting rate on the plateaun for a
150 microsecords gate wnidth, drops from a value of abcut 13 a minute to a value of
about 6 per hour, 3Slnce the counters are ruised € iimes a second, this means that
the rrobatility for a spontanecus count to be recorded when the counter is rulsed
amounts to 1/36C0. This background is an??!ciehtly small for all practical purposes,
although it seems tc be somewhat higher than that expected from cosmic rays and
local radiocactivity, | |

The countipg yield of the counter tubes was estimated ty determiuning the
counting rate wiih-a known ¥ -ray source at a knowa distance srd found to be of -
the order of 2 per cent, This is clcse to the value which can be expected if all
of the seconcary slectrons penetrating the tube give riss to a discharge.

It may be mentioned that pulsed counters can be nade with metals cther than
platinum for the counter wall (for instance brass or steel) and with air instesd of
argon as a.gas f1iling., However, in these counters the background was found to be
sbnormally large and moreover depandent on the past history of the counter, High
counting rates were recorded immediateiy after the removsl of a strong & =ray
source; this spuricus counting rate decreased gradually to the normal background in
a period of the order of a half—hour; Also the operating voltage was a function of th
counter history., An explanstion for the high counting rate after strong irradiation
may bs found in the formaticn of metastable molecules, an effect which is apparently

minimized by the use of argon in a platinum counter,
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Figure 16

Threshold voltage { * ) and breakdown voltage ( © )
for a unit of fifty rulsed counters,
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