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The first four chapters of Part 1J deal with the fundamental features
of ionization and the gereral properties of detectors based upon the
ionization 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
projects connected with the development of the atomic bomh, 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 responsible for compiling a large part of the information presented

and who contributed valuable discussion,
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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 tlre electrcns will remsin
free for a long time. In other gases, they will, more or less prompily, attach
themselves to neutral molecules forming hesvy negative icne, It is also possible
for an'electron or a negative ion to recombine directly with a positive icn, giving
rise to a neutral molecule, This pheromercn, however, 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 2qual to the sverage thermal translational energy of the gas
molecules., This is given by 3/2 kT, where k is the Boltzmann constsnt., At the
temperature of 15°C, 3/2 kT is approxdmately equivalent to 3.7 x 1072 eV,

When an electric field is present, the electrons and ions, while still movirg
at ranme through the gas, will in addition underge & genersl drift in & 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 enerpgy of electrcns or jons when en electric field is present is
generslly measured by its ratic € to the thernwl agitsation enorgy at 15%C, It may

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

(1)

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

s - s
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,
relation between € and u is obviocusly:
€(3/2 1) = 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 gée and with a given elesctric 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 attachment of electrons to neutral gas molacules mentioned
above can be described by the attachment coefficisnt = , giving the probability
of attachment per unit time, The coefficient o« depends on ths naturs of the gasa
and on the energy distribution of the electrona. 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 a2 negative ion) to recombine with a positive
jon in a given time interval is clearly proportional to the density 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 ths recombination constant. It
depends on the naturs 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 jone 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 squation. In the absence of an electric field, this

equaticn has the following fore

APPROVED FOR PUBLI C RELEASE
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-

j = -Dgradn - (@)

where n is the density of particles in question, D iz the so-called diffusion
coefficient, E'is 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; times the electric charge of each particle (4e 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 375, is always very small compared
with the velocity of agitation u.

We want now to write the expression for'ﬁ’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 typre 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 jonized 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 (¢) by exchange of charged particles with neigh-
boring elements, The rate of change.of the momentum per unit volume due to the
electric field is néﬁz whera.i?ie the electric field strength; that caused by loss
thrcugh collisions will be denoted by JZ. In order to calculate the rate of exchange
of momentum with the neighboring elements, let us consider a surface element dS in
the ionized gas and a unit vector°2'perpendicular to dS. If we consider‘3>as
negligible compared with nu, and if we assume for a moment that all of the charged
rarticles under consideration have the same velocity of agitation u, the mumber of
particles per second crossing dS and moving at angles between H and H+ df with
respect to a is given by

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

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

the direction of a and has a value
(1/2 ma cos - 8in® d 2 ) mu cos:;

Integration over € from O to 7% /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 nm? & dS
Hence the rate of increase of momentum in a volume A bounded by a closed surface

S has the expression
'u£*1/3 pmu? B dS 3 - %£.1/3 m? grad n dA
from which it follows that the rate of chaﬁge 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 than expressed by the following squation

nek - 1/3 mu? grad n -‘.l? H d{m{)

dt

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 left-
hand side of the equation contains terms (1like nek) which do not depend on D. In
most practical césee, 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). Therefore the equation above

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

obtajins:

Y - 2 -y
With this expression for M: Equation 3 becomes

j 2 Dgradne__p nek (5)
mu
The drift produced by the electric field is best described by the drift
velocity ';; which is defined as the velocity of the center of gravity of the charged

particles in the uniform electric field.(])

1)

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

According to this definition,?is given by the equation

-t - -

¥ 2 T/ [ nan) (6)
where the integrations are extended over a volume which contains all of the
mrticles under consideration., Since n is zerc 4t the surface which limits this

volume,f grad n dA is zero, It then follows:
s

20 & (7)

or rementering Equation 1,

—

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

-

j 2 Deradn+m (8)
Let us ccnsider = region of the gas where no ions or electrons are formed
and none disappear by attachment or recorbination, In this regicn the rumber
of particles of esach type is conserved and the fullowirg Equstien helds

-%-%— = ~div 3§ (9)

whicl, together with Equaticn 8 gives

g n

<t S D div graé n - div (wn) (10)

Fe want to apply this equaticn to the problem of determining the motion of
e number 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 + 2 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 tack to the origiral variables one finully obtains the following

expression for n:

- )(24.32‘}(2-!{.)2

TR R (1)

whore N is the tctal number of particles and

n(x, y, z, t)

Fs

2% (1) = 2pt (12)

Physicslly, the solution represented by Equation 11 irdicates that the

particles, originally conteined in an infinitesimal vclume at the origin of the

APPROVED FOR PUBLI C RELEASE
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coordinate syatem, drift with an average velocity?in the dirsction 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 repressnts 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 4rift 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 is the mean free path at unit pressure. The
relation between ¥ and /t/p can be determined easily if one makes the two following
crude =implifying assumptions: (a) all of the particles under comsideraticn 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 undergoee on the average
(up//l. ) collisicns per second, in which it loses on the average a momentum egqual
to (up/ A ) m¥, 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:

—upny :  eB (13)

or

W o A _E

m u P . (32)

%
[ ]]

Similarly, cne may exrress the mean agitation energy € in terms of A and of
the average fractional energy loss per collision, which we shall indicate with h,

The rrinciple of conservation of energy gives the following equation:

€(3/2%2) wp/A)h = eEw (15)

APPROVED FOR PUBLI C RELEASE
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Re kncw, of course, that reitber ¢f the two conditicne (a) and (b) mentiored
above corresycrds 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 momentur lcss and of the energy loss thrcugh
ccllisions. If we tuke this view, Equeticn 13 states the obvicus fact that the
momentum loss per second thrcugh collisions is proporticnal to the rressurs, to |
the drift velccity and, for a given pressure and drift velocity, it deperds cn the
nature of the gas and on the energy distritution of the particles under consideration.
Similarly Equatior. 15 indicates merely that the energy lcse per second thrcugh
coliiejone js proportioral to the pressure ard that this loss dererds on the nature
of the gas and the energy distributicn of the particies. ‘

In practice, A and h can te determired as a function of € for a given gas
by meaeuring"g"and € as a furction of E{p. Equatione 13 and 1 will then rrovide
the functional relaticn between A and € y while Equations 15 and 1 will rprovide
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 in a mixture of gasees fror data
relative to their behavicr 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 experimental data.

Now, let p, be the total gas rressure and let p3, pp, p3, etc., be the partial
pressures of the various compcnents., Similarly, let /Ko and ho be the valuss of A
and h for the mixture, let Al’ /\2, )\3, etc., and hl’ h2, h3’ etc., be the
values of the same quantities for the varicus companents., If we write that thre

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 i the separate compcrents, 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

‘ i8 the same for all terms since it cnly derends on W, m, u).

pO//lO : pl/’\l +p2//\ 2*?3/1\ 3 + secacae

Poho/A o = PIRy/AL + Poho/A 5 & Bhy/A 5 ¥ eeeeee (26)

After A o and ho have been calculated by means of Equation 16, Equationsl2? and
15 can be uged to compute € and W as functicns of E/p for tbe mixture,
The diffueion cecefficient tco may be expressed in terme of A By compai’ing

Equations 14 and 17 one oblains the welleknowsn yveletion

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 stil) define an average agitstion energy € ; this quantity,
however, as well as all the quantities which derend on € , like D, A, h, will vary
frem point to point, The fundamentel Equaticn & will still hold, provided the
current produced by the gradient éf "temperature" is negligible compared with that
produced by the electric field or by the gradient of density.

Anotl.er questiion concerrs the time interval between the mcrent when the ions
are procduced and the moment when they reach the equilibrium condition between loss
and gair cf momentum which leads toEquaticn €, This time i1s of the order c¢f the
tine between ccllisicne A~/pu which, at atmcsrheric pressure is gererally between
1071 4ng 10732 seconds.

For the convenierce of the reader, we list in Tabtle 8.3«1 the syrbols for the
rost irpertant quavtities 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 i Unit
J i
1
u ‘ 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 v cm/sec
p ' Diffusion coefficient cmz/sec
p Pressure .nm Hg
N i Mean free rath at 1 mm Hg ’ em « (om Hg)
Fractional energy loss per . dirersionless
collisicn :
N Attachment coefficient sec™!
4] ' Recembination constant . cm3/sec
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8,/ EXPERIMENTAL DATA RELATIVE TO FREE ELECTRONS
Equation 14 indicates that the drift velocitysis a function «f the ratio

E/p. Experimental deterrinations 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. MNcst of the dats used in the construction of these graphs were
taken from the beck by FHealey and Reed, "The Behavior of Slow Electrons in Gases®,
where variocus methods for the measurement of‘ii € and o« are described. Some were
obtsined at Lcs Alamos by the methods describved in Section 10.8.

We wish to direct attentiorn to the data obtained with argon-CO2 mixtures and
gshown 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 CO2 is
consideratbly greater than in either rure argon or pure €0, (see Figures 3 and 4).
This fact, which was estahlished thrcugh exrerinents carried out at Los Alamos, is
of coneiderable practical importance for the corstruction of "fast" chambers, The
physical reason for it can he understéod through the following analysis,

Inelastic 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
mclecule, Argon is a monocatomic gas, and the first excitation level c¢f the argon
atom is 11.5 eV, Hence in pure argon, even with moderate fields, the electrons
wlil reaech & very high agitation energy, namely of the crder of 10 eV or &€ >
306, This is confirmed by direct measuremente, ac shown in Figure 9. In 002,
however, inelastic collisions occur very frequently for small electron energies,
because of the large number of low excitaticr levels of the 002 molecule, It
followe 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/r 2 1). 1In a mixture containing only a small amourt of CO the

2’
drift velocity is 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 effect.
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Figure 1

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

Drift Velocity of Electronsi as 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 as a Functicn of E/p in Argon.

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

The Los Alamos data at p 2 86 mm Hg were obtained from observa-
ticn of ««-particle pulses, as deecrited in Section 10.8., Their
gceuracy 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 variocus sets of
measurements is very striking and not easily explained, ezpecially
if comrared with the good agrecement obtaired for COp with differ-
ent methods (see Figure 4). It is possible that it may te due, in
part at least, t¢ different degree of purity of the gases used,
since the drift velocity in arpgon is strongly affected by impurities.
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Figure 4

Drift Velocity of Electrone as a Functicn of E/p in 002
=3 kudd (see H.R., p.98)
x Skinker (see H.R., p. 99)
/. los Alamos, p = €60 mm Hg
& Les Alamos, p = 305 mm Kg

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 BFq from CeHeNzBF,, p = 379 nm Hg 3
. BFZ frow tank p » 388 mm Hg
xBF3 from C.H NZBFA’ p 3 339 mm Hg
UBF; from tark, p = 294 mm Hg
The gata were obtained from cbservation of ox -particle pulses
as gescribed 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 CO,. (The data were obtained from observation
of ¢ -particle pulses 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 BEquation
1) the decresse 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 ore 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 impessible to carry out measurements of high rrecision when high precision
was not needed for the immediate 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; Healey and Reed, quoted above,

The attachment coefficicnt e« is practically zero for H2, He, A, N, CO, if

2
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 or 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 recombination

congtant for electrens in argon is

33 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 H5 and N,
(Townsend and Bailey; H.R., pp. 92, 93)
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Figure 8

¥ean 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)

APPROVED FOR PUBLI C RELEASE



APPROVED FOR PUBLI C RELEASE

)
L
' t
s
' o
T
>
=
N .,
T =
N
2]
5
O o
d = >
®
al
o
[42]
©
<
\ «
Q S —
Py
I
r O
- o
O [ [ o ol o o
< o © o ol
" " o Y = s o

APPROVED FOR PUBLI C RELEASE




APPROVED FOR PUBLI C RELEASE

£L

Figui'e 10

Mean Electron Energy as a Funotion 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 Durcanson; H.RS, pp. 54, 9)
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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 particles 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 pogsitive ions have
not diffused sufficiently far from the place where they have both been produced.

The recombination of positive ions with electrons (or negatiire jons), which takes
place before diffugion spreads these particles apart, is cften referred to as
*mreferential recombination® or "columnar recomtination",

The root mean square velocity of agitation u, the diffusion coefficiext 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
eignificar;t quantity is [2_5%, which gives a measure for the lateral diffusion
which electrons undergo 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

&7 = |2t :@T o (18)

where E is measured in volts per centimeter and y 2D/w in cm®. The values of W, £,

. e
u, A /p, /2D/w for various gases at 1 atmosphere (760 mm Hg) pressure, and with

E = 760 volts/cm (E/p = 1), are listed in Table 2.4-1,
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Table 8.4-1
Drift velocity (w), average egitation energy (€ ), root mean squere agitation
velocity (u), mean free path ( A /p) and lateral diffusion per cp path ( f'zb/.)
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/eec) € u(106cm/ sec) A/p{10~4cm) /-~ D/w (10'2cm%)
i, 1.2 9.3 35 0.3 : 2.5

Be 0.8 53 84 . 0.5 6

Ne 1.2 214 168 1.5 12

A 0.6 287 195 0.9 14

A, 0.9 21.5 53 0.3 3.7

002 0.55 1.5 14 0.06 1.0
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EXPERIMENTAL DATA TIVE TQ IOSITIVE 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 pressure ars quite

accurutely proportional to the electric field strength,

%1 = E |

w = /»‘ E (19)

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

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

of the corresponding positive fons.

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 O2 002 Air Ethaaae
ot 56 5.1 1.3 1.3 1.3 0.8 1.3-1.4  1.07
(cm/sec per (neg.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

D :._L;kfl._./l, | (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 2 2.5x107 (ien’/aec (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). Or; account of the modera/t,e accuracy in the measurements of both
D and 4 , Buation 21 may be considered as fairly well verified.

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

2x 10"6 cm3783c, which is about 10% 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 GENcRAL DESIGN OF AN JONIZATION 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 culled the high voltage slectrode. The collecting electrode

is usually supported through insulators by another electrode which
is held at a constant voltuge, 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. kvery ion of sign oppeosite to

28
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‘Figurs 1

Schematic dlagram of an ionization chamber.
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that of the collecting electrode formed within the sensitive volume

will reach the collecting electfode, provided diffusion and

recombination ¢an be neglected.

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

densities of positive and negative carriers, respectiveiyf let

:? (x.¥,2) and :?:(x,y,zj be their drift velocitiea. 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
J=n"w', §= pnw" (1)

If we moreover assume th&t no recombination takes place, the

following equations hold:

—p —

div j* = div §7= n, (2)
The density of electric current has the expression

- -~ 2

e3- e(fF=37) = e(nwoniw) - (3)
and from Equation 2 it follows

—p
div j=0 (4)

If we negleet diffusion, E,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 equal the product of e times the number
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of ion piirs formed in the chamber per seccnd:
I=e/n, dA (5)
A

whers A is the sensitive volume of the chamter. Actuaily, Equation 5
oan be ¢ssily showm to be s consequsnce of Equations 1, 2 and I,
Suppose, for instaflee, that the §ollooting ¢leoctrode is negetive,

Ve have: . |

Aﬁo ﬁiv (" %) d@zf‘ + s

where & is the surrAce which limits the sensitive volume and wh .
indiemtes the component of w*in & direction psrpendiculer tc this
surface and pointing towsrds the ocutside of the s;nsitivo volume.
Now-;%' is zero slong the lateral surface, while n' is zero cn the
surface of the high voltage electrode whioch is assumed to be positive,
This osn be egsily seen if one reslizes that the pesitive ions, as

soon a8 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 indieate with 8§ the surface of the collecting electrode,

. -, =
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
assumptions, thes space charge distribution, which is defined by
| pz8 (n'-n") {6)
‘For the doterminaticn ot/o wo nust consider, in addition to

Bquetions 1, 2 and 6, the equations for the electric field strength
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._)
divE =417, (7)
A
curl E= 0 (8)
— — -

and the squa$ions which relate w¥and w %o E.

The mathenatical problem is, in geﬁeral, 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 thesrefcre the drift velocities).

Consider, for instance, & parallel plate chamber., We sasumd that

its collecting electrode is gurrounded by an apprepriuie guard elesctrode
so that the slectric field is practioally uniform ur to the boundsry of
tho sensitive volume. Wo take as a frame of reference a cartesian
coordirnte system with its origin on the positive electrode and its x
axis in tno direction of the electric field. Ilst Us suprose that the
enamber is unifwormly irrudiated over the aztive volume and outside of
it for a sufficient distance from its boundary sc that any additioral
vlectric field produced ty the srace charge is alsc parallel to tho x
axis and indeperdent cf the y,z coordirates,

The problem then hecomes one‘dimensional and Fquaticn 2 can te
inFegrated immedimtely. If Equation 1 ard the toundary conditions st the
two electrodes are taken intc account, ore obialina;

n*wf: n"w'= nox (9)
~-n W =n " =ng(d - x)
wrere d is the separatiocn of thne electrodes and w’. w_ are the absolute

vlues of the drift velocities, Nquation 7 now becomes:

4 E = 4770 ng [x/w+ - (d-x)/w"] - (10)
d x
If w* and w” are kmown functions of E, Equation 10 can bte solved,

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 oarriers are ions. In this case, by

introducing the mobilitiesfw'hnd/ll-. Equation 10 besoumes s

dB_4'n‘e§2 (“l_-d-x) (11)
d x At 2
which gives.
£ 4 conat.= 476 ng (§E+(d-x}2 ey
* /("’
whore the oconstant is determired by the condition
d
5‘ E d x = VO (18)
v

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

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

eleotric field produzsed by the space charze is small comparsd with tile
externally applied rield; {.e8., 13t us put
B= Vp/d + E
ETP
with
E

/O
Equation 13 givea for %p the conditiomn w]édx: J. Then w' and w~ im

& V /d

Bquation 10 can be oonsidsrsd as constant, In the cags of negetive ions,

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

are the same, (w'= w =w ), one obtains:
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E, = 47en, (xz -x.i+d2/6)

2T
w
+
n = n
;,—o-x (15)
n~ = o (d-c-c)
w

r = ® Bo (2 x -d)
w

In the case of free slecirons end again under the assumption

« Vo4

}PJ

the solution is:

E/:):' 2pe fg {(x“ = 52,.’3)
w+
n+:-' rko <
wt “
n"= Ng (dex} = O (15)
"v'l-_
J)= © n, x
wt

93 CONSTANT IONIZATION: DIFFUSION AND RECOUSINATION NOT
NEGLES TR

——— s+ o

If the diffuslion is taken into ascount, then the sxpressions for the
- ~—>
current vectors j* and J7 are (seo Equation 8.8):
-3 ~>
=" wt - 5" grad n*

?" = n W~ ~D grad n” (17)

while, if rsoumiinatliorn is not neglooted, ¥juations & are replaced by
the following equations:

-3 - . -
div j*=div j "= ng=zn n (18)
/

The density of electric currant is still siven by the equaticn;

- - =
ej=o0 (347 ) (1)
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Howeveor, § 4s nv longsr parallel to the lines of forcej; hsnce the

total elestrie currant will no longer be the same across every surface -
intersepted by the lateral boundary of the sensitive voiume, and the
current I threcugh the measuring instrunment will no longer eiqual the total
cnarge ej(;o d A produced within the sensitive volume in Lhs unit time,
The ocurrsent I cmn be caloulabod essily if one assumes that the effects of
recomiination &nd diffusion are small so that they may be treated as
ocorrentions. If, for instunce, the collacting wlectrode is negative, I
hes the oxpressiom .

1=e_('+-j; ).13::8\JnodA-‘ef;"‘n-dA -e{(j;; ds-eﬁ; as

- ofifas * -

whera §.1s the:%hterhl coundary of the sensitive volums; s"is the boundary
at the positive slootrodu,
For j+and j we suvstitute iLhe expreaslons glven by Bjuations 17 in
which, according to our assumption, ﬂ*and n are orlculated by disregarding
-+

the effects of recomvination and diffusiur (see Sectiun 2). Sirce n” is

zoro &t 3% n” is zero at S and %, is zero &t S, , wo obtain:
imo fng dA o fautuda |
) & .
A Aﬁ (20)

e +
1-e~fﬁ (grad n”) 4 S+q2fb (grad n¥) 48
Sw n <+ n

yofotigrad n®) d s
S n
The physical intorpretation of Equation 20 is quite simple. The number
of positive chargses onteriny the collectinz(nezative)electrole is equel to
the numher ol positive ions formed in the active volume {first term), minus
the nwnter of positive ions which recombine (second term), minus the number
of positive ions which diffuse back to the positive olestrode (fourth term,

always negative), minus {or plus) the number of positive ions which diffuse
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out of {or into) the sensitive volume through its lateral boundary {£ifth
term)s 1In order to obtain the surrent in the measuring instrument from
the number of positive charges entering the ¢§llecting elactrode, one
nust subtract the number of negative charges which diffuse back to this
electréde (third term, always negative). The term qjhno d A, which
represents the saturation current, is independent ;} the voitage applied,
oxcept insofar ag the lateral boundary of the sensitivs volume is
mod) fied by the field preduced by the space charge. The other termas
deorpase with increasing voltage. In the above caloulation, the
hypothesis has been made that the reflsction ccefficlent of the elestrodes
for slectrons and ions is'negligible, so that every ocharpged pafticlo
which impingos upon a given vlectrode is captured,

Such & hypothesis iid not enter in the calculation of the current
carried out in Seolion 2. In fact, when diffusion is negligibls, ions
of & given sign always end up on the electrode of the opposite sign,
even if some of them are roflected when they first impinge upon 1t.
then, however, the diffusion is avpreciable, a coartain nugber of ioqs.
diffuse back to the electrode of the sams sign. If some of these ions
are reflecgtsad, 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 wurified gquite accurately in all cages of
practical importancs, '

*

Let us consider now,. as an example, a parallsl 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 zsro,
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If wo use the wvalues of n*, n~ given by Equations 15 or 16 and
indicate with S the surface of the collesting elestrode, the expression

for I beocomss:;

1/S=end - g nE 4¢3 {21)
wiw- 6

- +
=D ny, =D ng

w" wt

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

of saturation caused by diffusion have ex‘pressions of the type
D/d w =€(2.5x1(}'2 / Vo) (See Eque.tic;n 20).

Now€ is pracstically one for .ons, while it mey te of Lhe order of several
hundred for electrons. Hence, in the case that the regative 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 whe~
fhen the negativu ocarriers arv ions, we ey take /.4:2 x 10%  ana wt
=wwle3 E. For d=1 cm the recombination correction thus becomes
2 x 1077 Bo
V2 . With en intensity of lonization of one roentgen per

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

per cont. The corrsction is enormously smaller when the negative carriers '

are frea electrons.
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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 1limit, the case of a large number of jon pajrs being préduced
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 rractically 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 assums, for the time being, that the main part of the ionization
is produced sufficiently far from the guard electrode sc 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
neighborhood of the boundary of the active volume, will be discussed separately in
Sectirn 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 ensrgy.
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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
rasistance 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 constant voltage V . If fons and electrons are present in the gas of the
chamber, the elsctric fisld ir the chamber may be regarded as the superpcsition
cf two flields, one produced by the voltage differencs between the electrodes and
deacribed by the field strength T and the potential V, the other produced by the
space charge © = q(n+ - n”) and descrited by the field etrength_g;.and the potential
V., . The corresponding quantities for the actual field will be E +_?; y VYV, .

A

The voltage V satisfies the equation

7N o0 (1)
ard the boundary conditiona
V = 0 at the collecting slsctrods
v = V., at the high voltage rlectrods 2)
The voltage V/) satisfies the equation
7 2vp R L/ A 77 e{n* - n7) (3)
and the boundary conditions
VP = 0 at both electrodes | (4)

1f we compute now ihe elsctiroatatic energy of the field we obtain

24,
f“"‘ £2ea 4 ffazs+;, Y-
A LdA
5 A o

where A i8 the gensitive volume cf the chamber.

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

Cenraction diagrem of an fonization clsmber.

Figure 2
Connaection ciaprar of en icrnizsticn chamter.,
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ji’-?p«m : -fE‘gradVﬁ A
A A . R
: . {div (v, E) aA\»jvp div E aA

ey

—3 J/’ A
divE dA - Vp Bnds
S

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

]3 rerperdiculay to this surfsce. (g: ’ Yo sre agsumed to be zero at the lateral
boundary of the zctive volure.) Ncw divE s -V = O while V, = O at the surface
S. Hence, ié' ;i dA = 0 and, if we denote with W and %, the electrostatic

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

total electiostatic energy the expressicn:

1 e 22 S (s)
A

Electrens ard ions in the icnized gas move alcng the lines of force.with &

corparetively small velocity, which is constant except imsofar as the electric

field strength varies from poirt to peint. Hen:s, vmriations of the kinetic energy
of electrons and ions are whclly negligitle and practicﬁlly 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 prirciple of conservation of srergy can then be expressed by

sriting the® this work plus the variation of the electrustatic erergy equals 4he

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

obtain the equation

(o]

ef(g+g,_)-(n+;z-n’;z)d)k+—g-%'=VI (6)
A

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

the densities ard the drift veiccities of positive fons ard electraus resvectively,

Sirce Yc < C 8t the surface S which tourds the volume A, tre two fellowirg

equationg hold
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[ div [Yo (n* #% = n” w) dh = 0
4 |
: =
Jdiv {VO-—'—%&-I dA = o
A
from whick it followms

Y - - /. - - .
JE '(r,*w*-n'w') dh = Vv, div (" w* - ;?,‘ dA

” )
A — -

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

~

3
—

&

Or. the cther hand,

—

N .
e j?o """)_%(‘" dh = -'Z—-E—

lo - -’
;%rz' S -give(n wt-n" )

so that cre cbtains from the twe equations above:

~) -, -3 -~ )
e KE cnt wtonm W) ar + 2L oz oo (7)
r~ 1. '
) 2

A
By subtracting Equation 7 from Equaticn 6 we firully find the following relaticn
givirg the external current I in terwms of the moticn of the électrons and fons in
the charber
sy - —
1 = -—%~u-‘ (ﬁ *(n* w*-n" w") ax (8)

¢} i

This ecuaticn mey bLe written as follows
1 =17, 1°

If we introduce the notations:
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- -
¥ o= —— fn*E-w‘*aA
[o]
A —_ (9)
I'=°-§'~ n~ E°w dA
¢
A
or '
+ — —3
I = --------—‘er ZE1+ . wi‘
o
. —~_ = (9')
I- [ 3 - ZE . w-
Vo i i

-

where 'i‘ s %~ rerresent the drift vslocities of the 1™ jon or electron at the

i

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

They #111 be denoted brisfly as “positive icn current” snd “eleciron 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
gecmetrical configuration cf thre chamber and are independent of the value Vo of the
aprlied voitage.

We will also introduce thke rotations

h
Q* (t) = jz* (¢) at

]

(10)
Q™ (t) = ﬁ‘ (¢) dt

o]

The quantities Q* ard Q- ray be regarded as the charges induced on the collecting
elecirode in the time interval between O and t by the motion of the pcsitive iors
and electircns, respectively,

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

#lectrode ie connected o ground threugh a lesk resistor R, and the voltage V
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developed across this resistor by the ionization current is fed to the input of
an electronic amplifier (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-‘{—- =R 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 second

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

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

v(t) - v(0) = q (¢)f (13}

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

Equation 11 has the soluticn

&
v(t) - v(0) = o HC .l..§ e B 1 (¢) at (14)
[o]

10,2 JONIZATION PUISE
Suprose that N, icn pairs are sirmltanecusly produced in the chamber at the
tire t = 0, for instance by an Q -particle. If one neglects the effect of the
space charge c. the drift velocities, ;i and ;t are knowr functicns of the position
and it is poseible, at least in rrinciple, to determine the moticn 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 Equaticn 9', By integrating with respect to time

one obtaine the following expreesions fer QF (t) and Q" (t)
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v Z NORAA “7]

N,
SNORERE W AR ARG

In the above equationa"li (0) reprosents the potential at the point where the ith

Q* (v)

(15)

ion pair is forred, Vi+ (¢) fepresents the potential at the point where the jth
positive ion finds itself at the time t, and Vi- (t) has s similar meaning for
the 1th electran. The electronrs have large drift velccities hence Q° variee very
rapidly with time, until all the electroﬂa have reached the positive electrode.

Frem this tire on Q= has the constant value

N. .
A Z[vi () - Y (16)

where V* is the voltage of the positive electrode, The pesitive iors have much
smaller drift velocities., Hence Q+ (t) reaches its final value after a much

longer tire. Thie value is given by
' N, .
Qt -ﬁ: Z [vi (0) -] (17)
. 1
where V™ is the voltage of the rnegative electrode.
The sum of Q_ " and Q°¢ is of course equal to Noe, as it can be shcwm by
adding Equations 16 srd 17 and remerbering that V' - v= = ¥ .
Suproee ncw thut the leak resister R is chosen so as to make the time constant
RC large ccmpared with the time of collection of the resitive ions. Then, according
to Ecuation 13, the voltage V of the collecting eleetrode (assumed to be zero at
t 2 0) is proporticnal to Q(t) = @ (t) « Q*(t). Therefore it increases very
rapidly at firet, urtil all electrons have been collected, then very slowly until

the positive ions have also been collecled. When both electrore and positive ions

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

Q. + oY N
= e 4+ Qo . A
Vp = ¢ = = (18)

C
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Subsecuently, it decays exponentinlly with the tine conatant RC,

A .chamber operated urder the corditiong specified abtove will be called ar ion
rulse chamber, The advantage of an ion prulse chamber is the fact that the pulse
height, VP is preporticral to the total number No of ions produced in the chember,
irrespective of the positiern where they sre produced. The main dicadvantage 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 sernsitive to microphcnic disturbances and to A,C. pickeup.

For these reasone, the value of the resistance R is often chosan so that RC
is large compered witﬁ the time for collecticn of the electirers, but small compared
with the time for collection of the positive iéns. A chamber operated under these
conditicns respende conly to the fast part of the rulse; 1.9., to that part of the
rulse due to the motion of the electrcns; therefore it will be called an electron
rulse 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 wicrosecends. Hence the chamber will be able to record pulses following
one another at very short time intervals, and the arrangement will be insensitive

to wmicrophonice or to A.C. disturtarces,

The disadvantage of sn 2lentron puise chamber is that the pulse height will

'depend not orly cr *he total number No of ion pairs produced in the chamber but

alao on the position where they are produced. Tc a very good approximation, {i.e.,
peglecting terms of the order of i*?w'), the rulse height can be computed by
zonsidering the effeact .of the metion of the electrons and neglecting the effect of
the mction of the rositive ions altogether, Since RC is assumed to be large cohpared
with the time for collection of thre eléct?ona, the value of the pulse height will

tren be given by

Vo o= G, 0 (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 betwzen 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 motiocn of charged particles as long as they are betwsen the grid
and the high voltage electrode. The positive icns never penetrate the region
between the grid and the collecting electrode. .The electrons 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 & charge equal to its own., Therefors 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 icns, A practical application of this principle will

be described in Section 13.1,

0 INFIUERCE CN Thi, PULSE SHAPE OF THE TRANSIENT PONSE _OF THE
AMPFLIFIER, MEASURE OF PUISE HEIGHTS Ik eV,

- We have considered so far ths voltage rulse produced by the jonization current
at the input of the samplifisr., In order to deterwine tne voltage pulse as it is
observed at the output of the amplifier, the transient responsa of the amplifier
rust be taken into account. In order to define the transient response of the
amplifier, et us suppose that a charge, @, is brought onto the collecting electrode
at the time t = 0. This can be dcne by applying, at ¢t = 0, a square voltage =a«--.
to the high voltage electrode of the chamber, The voltage, V, of tue collectur
rises abruptly to a value equal tc Q/C and then decays sxponentially with a time
constant RC, as indicated by curve (8) in Figurs 3. Let curve {b) 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): outrut voltage.
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time. The functien ggf(tg = v (t)/Q, which if the amplifier is lirear is
independent of Q, is defined as the transient response cf the amplifier (see also
Volume 1, Part I, Chapter 3).

The output voltage is given in terms of the ionization current I and of the
transient response Qﬁ by the equation:

v (t) = fl (t - tl)glf(tl) dty | o (20)

2

which can bs considered as a generalization of Equation 14, It may be pointed out
that the function gﬁ'(t) depends on the characteristics 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 resporse of the type
reprgeented by curve (a), the resolving time is oqual to RC, |

| Another guantity to which one often refers in connection 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 wnich the voltags pulse rises from 10

per cent ¢ 90 rer cent of {ts maximum value,
It is convenient to define the transient response of an ionizaticn chamber

by the egquation
I (t) = Ne f(t) (21)

whers I(t) represents the current at the time t under the assumption that No ion
pairs 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 distribution
of the ionization, —

The function f(t) may be split into the sum of two functions f*+(t) and £=(t)

relative to the positive ion and to the electron current, which are defined as
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follows:

I* (¢) = N_ef* (1)

(211)

"

I7 (¢) N, e £ (t)

Comparison with Equations9 gives for £4(t) and £~(t) the following expressions:

, No
“» - - 4 -
fw ot [ d e e YE
A . : ]
' N (22)

- 1 -\ 1 . — -

~(t) = - y"(t)ﬁ'w-dA = . E E,= * w*"
No vo A N, Vo i 1

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

positive icns and all the electrens,respectively, of the quantities
- — - -
wt -+ (EN,) and -»~ (EAV,) &t the time t after the ionization rulse. In the
computation of these averages a particls which has been collected is considered as
still existing but having velocity zero.

Finally one may define the transient responsej)( (t) of the detecting equiprment
congisting of a given ionization chamber and a given amplifier by means of the

equation
v (8) = Nje X (1) | (23)

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

considering that f(t) = O for t £ 0, one obtains the following relation
&

X (t) 3“/rf(t - t) }é” (t) at, :.J/;(t - tl)yV(tl) dty (24)

(% D

The conditions stated in the rreceding section for the éperation of a chamber as
an jon pulse or an electron pulse chamber may be appropriately gensralized 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
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thersfore refer to a chamber as an jon pulse chamber if the resolving time of the
amplifier is long compared with the time of collection of the positive ions and

ag an electron pulse chamber if the resolving time is short compa:ed with the time
of collection of positive ions bui 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 wrere Q is the charge induced on the collecting electrode
{(Q = Qo+ 4 Qo' = Noe fcr an ion pulse chamber; Q 3 Qo' for an slectron pulse
chambar) and Wo is the energy for the formation of an ion pair in eV (see Section
A.2). P is thus expressed in eV and, in the case of an icn pulse chamber, it
simply represents the energy N° Wo dissipated in the chamber by the ionizing
particls which produces the pulse. In the case of an electron yulse chamber, P

represents a fracticn of this energy, given by the expreseion

Qo~
0 0 Q,t ¢ Qo'

For an absolute calibraticn cf a given chamber operated in conjunction with
a given amplifier and & given recording device, the most direct procedure consists
in observing the pulses from a source of o -particles of uniform and known energy,
usually a polonium socurce, placed in the chamber in such a way that the whole rangse
of the o(e-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 magnitude I' equal to the energy of the
x-particles, 1f 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 ienization rulse
is obtaired by first computing theoretically the distribution in size of the
ionization pulers and then fitting the e-mputrd curve to the experimental pulse

height distribution (see, fer instance Section 3,1).

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

known voltage rulses,A¥##%S&E1§3FE$§qadgtf%§ﬁqﬁtigﬁggée of the jonization chamber
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and observing the corresponding osutput pulses, If we denote by Cl the partial
capacity of the collecting electrode with respect to the high voltage elsctrode
and by C its total capacity, the corresponding voltage pulse at the input of the
asplifier fs Vo = V, cl/C.

According to our definiticn, the P value of this pulse is given by (vlcl/e)wo.
In other words, the signul obtained by applying & voltage pulse V1 to the high
voltage electrode of the ionization chamber is equal to the signal produced by
sn icnizing particle which literates a charges Q = V.lc']_ in the chamber, under the
assumption that the chamher is operated for ion pulsmes,

It will be noted that the method cutlired 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 accurataly., It does not require

kriwiedge of the stray capacity, which, 4n genersl, ¢culd only be determinsd by

dire-t measirement,

, CONTINUOUSLY VARIAB CNJZATION

Let vs suppese now that the tonization chamber is irrsdiated with a contimicus
ccurce of fonfzation 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 cass under consideration because
» continuous ionization can always be subdivided, ideally, into an infinite number
of infinitely short lonizatior pulses. By making use of the functions £¥(t) and

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

INg) 2 e J N(t - t)) £+ () at,
L s

' (25)
e jﬁ(t - tq) £7 (tl) dt,

17(¢)

In partiewlar, 4f N is constant, 1% and 1= beccne ' '
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o
4
1Y e e [t ()ay
o ° oo (25')
1- = oNﬁ (t)) at,

o

Equation225' scquire a simple physical meaning if one considers that, according

to Equatiors 22
Ca

j@" (¢) at

N,
1 S {5 e T2
NV anEi v dt
o o 1
Ne -
o) @]
(o] L
1

— ’"vi (0) -v‘] e

v
° -

and similerly
x|

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

o - av

°
where [%,(O) - Vf] and V¥ - v (Q) reyresent the sverapge values of
the difference cf potential between the place ¢f rroduction of the ions 2nd the

regative or rositive clectrode respectively {(sce Secticn 2). Hence Equations2s

vield

Sl
4+
]

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

T e NNV [v'-v (o)_l
(e} o b av

It folluws frour Ecustions25'' that the totrl icrizatiorn current is

(25%*)

—t
]
]

I = 1% 4 I=- _ e N
(o] O c =

in agreenent with “oquatior 9.5, The outrut voftage Ve (t) ic given by the eqnaRion

e

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

[«

wnich may be considered as a Ajrect consequerce of Foustion 23, or can te derived from

Equations 20, 24, and 25, by taking into accourt that;/ (t) s 0ror t<o,

If tha ecurce of ioniration i3 suddenly turred on to a corstant value at the
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time ¢ 5 C, (N(t) =0 for t< 0 N(t) = K 3 constant for t> 0) It and I- are zero

for tQ 0 and have the fcllening exyreesicns for t > 0

{
1t (v = Jf*'
(t) e N y f (bl)dtl
1 ) = N £ (e
( e ( 1/ dtl |

mhile, if a coretant scurce ¢f fonization is suddenly turned off at t = O (N(t)

S ¥ T conrtant for t < O; N(t) =N for t>C), we Fave. recemhering Scustions 2571

ST |
© for t <O
I" () = 1-*
ko]
4 N 'ta I (2€)
V)21t [ . £ L dt i
(o) 21 .} S (tl) j

- . ot for > 0
") 21 e e 1T (e ’3*'1]

}
[}
‘k

Tue expreceions for the chargee g (t) and 4” (t) for the case of an
tnstantenecus icnizeticn tmlse cen be writtan in terzs of rt it) and £ (t) as

Tfelicws:

oo

]
k4
~
L]
Lot}
B
-~
o5
o
Q
5

Tt (29)
. r ;

P
"
k- 4
e

<0 (t;

vemrariecr with Ecuations X7 and 28 chews that the poeitive jen current and the
electrcn current present ir. a chamber after a constant source of lcnization s
euddenly turred on or cut off exhibit the ssme time cdeverdernce as the chargas
induced cn the collerting electrode ty the motior ¢¥ the peeitive fore snd of the
electrons, resrectively, after an infinitely shert fcrization pulae,

In the gerieral case, one sees that the vapristions of the ionization current
#1111 be vrorcrtional to the variatieons of the sgcsurce irtereity only if these
vuristions are either very slow comrerad with the time feor collection »f the voeitive

fonr, or very fast comuared with the tine for ccllecticn of the yegitive ions but
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very slow cempared with the time for collsction ¢f the electruns, In the first
inetance, ARs already pointed cul, the totel ionisation current 1V 1T wD folicw
the variations of the intensity of the ionizing radiation, In the =econd instance
tte electren current I” will follow the changes of the fonlzirg radiation while the
roesitive fon cwrrent I*'wil] repalin practically consiant, The emcet value of the
jentzation current I(t) = 14(4) 4 I7(L) rroduced ty a given varistie source of

fenization may be comruted by means of Equaticn 25, Lf the function £(t) = £¥(t) 4

f (L) 12 known. Thig, in turn, can Le determired, ac we Lave just seen, by observing
the varistiors of I immedintelv after » constant scurre of joenfzetion has heern turned

on or coff,

10,5 TARALIEL IISTE VAVBER

Ina tarrnllel vlate charber ths e wctric fleld & conatent, hence the Arift
velceitise of beth reeitive fonz ard electrenm are indererndent of pesition, Tt
rellowe that I*(t) and J7(t) are rretcrticoral to tte mumterr of positive ions and
~f mlgetrenw, reapectively, wresenrt it the chambter at the time ¢,

Tre rotential differance hatween twe rofnts of the cramber {a rroporticral te
the A1fsrernca of thedr divtances fror the ragative electrude, Therefore, the
extreastora for CY(t) and Q7(t) 4r the case of sn instantanecus icnfzation ruise

(gses Fouatior. 1%) becore!

N2
¢ty oz ;(x () - x,' (z)]
R {i[ (1) - 5:1' M}

where h {a the gereraflicon of the electrodes, x‘(O) ir ths distance from the negative

F

eYeetrads to the veirt whars the 1D 445 mir s forwad, x,l+ (i, x"(t) are the
fistlances from the rapative elecirods to tne ith poritive icn and to the ith alectren,
rescectivaly. at the time t after the tcrizetion mulse, Frem Foustion 30 Lt follows
that the charges co’ and Qo+ intuced by the motion of the electrons and of the pesitive

fene after eccmplete collaction are giver ty No e/h times the distance of
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the centor of grsvity of the ionization from the positive and frem the negative
electrode, respectively. Also it folluws from Equation 25%° t.haf if the chamber

is irradiated by a constant source of jonization so that N icn pairs are produced
per unit time, the electron and rpositive ion currents, Io' and Io“', 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 chamber is uniformly irradisted, t.he. center of gravity of the
jonizaticn i8 hulfway between the pcsitive and negative electrodes, The currents

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

1° 2 17 21/2eN
(o]

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

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

(o) = -b--;-:lii- ! for t < h/jw'
tY(v) = o for t ) h/w'
(31}
£ (t) = —L:-L-;:-L v for t < h/m
2 (t) =2 © for t >h/w

Tre expreseions for the positive ion and electron currents subceouent to a sudden

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

+
() = e -Nﬁ: (¢ - 1/2 T 2 ) for t<h/¥*
() = 1/2 e 8 2 1Y for tyh/v*
(32)
I (¢) = e-B;;": (t-1/2-§-—- tz) for t<h/w
() 2 1/2 e ¥ for to>h/w
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Similarly, ir the crse of a sudden turning off of the esource (gee Fouations 22):

® + ] "

+
() = e N {1/2 - v+ 12 (5 t-)z;_:’ for v < h/w
x*m s 0 for t ” h/m
. . - - - 0 i (23)
I"(t) = e N Ll/2--§-t+1/z(-§-t)‘_{ for t < k/n
1) = 0 for tO h/w

106 CYLINURICAL CEAMBER

Coneider firet the case of No ion paire formed'instantnnemunly at a digtance
ro from the axzia of the chamber, for instarce by an oCe-particle trevelling vesrallel
te the axis, Surpcese that the cuter electrode ie regative and the {rner =lactirede
ror{tive, After all electrons and icne have beer ccllected, the clergss QS* and

Qo- induced ty the metion of the pesitive i1cons and the alectrenz, resvectively, are

given by the sxpressicns (sece Faouations 16 and 17):

Fal
LA

e N log (b/r)/1og {(bt/a)

P
(1}

e N leg (r/a)/log (u/a)

where a 16 tha radius of the inner and b thet of the outer cylinder,
In Figure 4, Cc* and Qc- are plotted as a functior. of r/a for the case b = 10{Q0 a.
One sees that ehen bj? ., ag it is assured here, QO- i# wuch larger than QO+, excert
vhen the lone are {orered very close tc the central electrode.
we want also to cslculate the positive fon ard electren currsents fcr the cacge
of a aylincrical chamber uriformly irradiated by a corstant source of jonization

nrocducing N ion peirs rer unit time., Equatiorns 25'° gpive for the case under

congfideration:

. I(f/eN =~ V4 @lcg (b/’a)} - a</(t% ~ &%) .
. 2,2 5 L% {25)
I, /eN = /(v - a7) -1/ [?log (b/ag
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Figure 4
Charges Qo* and Qo' induced or the cellecting electrode of a cylindrical
chamter b: the mction of poritive ions and electruns, respectively,
when No ion pairs are focrmed at a distance r from the axie, Inner

alectroce positive; b = 10 a (b = radiue of the outer electrode; =

Z radius of the inner eléctrode).

- -

APPROVED FOR PUBLI C RELEASE




APPROVED FOR PUBLI C RELEASE

~Q

]l
|
0 /
& g
B i
/
\
\
\ s<: +<:
O

0
~

el
APPROVED FOR PUBLI C RELEASE

25

o
>

80

80

70

60

40

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



APPROVED FOR PUBLI C RELEASE

59

er, iIf b a

I°+/QK 1/ [Zlog (b/&i;

(35*)

17/ 21 -1/ [ (vja))

One sses 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 ipatead of roaitive,

10,7 EDGE FFFECTS

%e have assumed, so far, that the electrons snd lone are sufficiently far
from the bourdary of the active volume 8o 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 the
rulse can no longer he carried cut in the simple manner outlined in Sectiopi.. -

The theory of the "edge effects™ has beern developed for the sirrle case of a
rerallel plate chamber, with the collecting electrode and the guerd electrode in
the shepe of two infinite half rlanes joining along a straight line (sre Figure 5).
(The case of a paralie) plate chsmber, in whick the linear dimensic¢ns of the
clectrodes arelarge comyared with their seperation, can be aprroximated
sufficiently well by the idesl casze descrited atcve),

let ug ceneider a rolnt 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
perpenciactlar to this plare and passaing threugh the point chscpe, the z saxig parallel
and the x axis perrendicular to the boundary between the collectirg 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 anc 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 obviously the pame for all chargee lying on a line parallel to their boundary.
Therefore we may subsitute the point charge with a line charge of wniform density,
parallel to the.z axdis, calculate the surface demnsity 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 correet total charge on the (x, z ) pléne.
As 11 will be shown below, this 3s done by taking it equal to the charge e of the
perticle,

The problem of detsrmining the electric flald of a line charge between two
conducting pianes parsllel to it has been solved (zee, for instance Smyth,
"Static end Dynumic Electricity", YcCraw Hill, 1939, vp. £3-24). From the
eypression for the electric field, one finds the following exnression for the

surface density of charge:

wix) 2.5 cos;ﬁ%m (36)

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

the chargs., The = sign indicates that the inducing charge srd the induced charge
iave orposite signs:, The indefinite integral of w(x} is rot 3ifficult to calculate
and hag the follcwing evpression _

7 x/3

. -1 . 72
w - 8 o8 (7b/d),
f (x) dx¢s T tan ( sin { "b/d} _ (3,7)

lat X, be the cdistance of the charge from the boundary of the sensitive volume’
(rositive if the charge is inside this volume). The total charge induced on the

(x, z) plane is given by
+xn

G :J/(;J(x)dxi -6 {1 « b/a) . (38)

oo
while the charge incuced on the ccllectirg electcrode is given by
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) Figure 6
Fractional charpge Qé/e induced on the collecting electrode
~t 8 parallel rlate chember by a roint charre e ss a
function of its distance X, from the boundary cf the
active volure anc’;r‘crf 1t djsfahce b from the collecting
elgctrode; d is the depth of the chamber (sen Fipure 5)

ant 2 = X /d.
[¢]

e e A
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£3
/w) - ‘”x()/d .
- f - : i -1 - {7 v/3) ]
) - g - Cog\
Q, - .}‘* () 8 x ° ,1/2 o wr ( sin (7 b/d) ) (39)
-~ .
-J .

One zees that J bncomes ecusl to -e when b 2 0, rliizh ghows that we have chosen
the rorvrect normslization factor, The clarge Qc is & fun~tion of the ratios v/d
anc xn/ﬁ. A pravhical representation of thia functl<n is given in Figure 6.

The share »f the rulse produced by un icnjziny particle traversing the chamrber
rear the beundary of the sensitive volume car be calculated immediately if one
Fnews the 4drift velocitisg of the elecsteoms and rocitiva lonsr. The totul induced
charye 18 obtsined ae s function of time, by adding up the contributions of the
individual electrons and positive fons ea represent;d by Equatinn ¥, which depend
on t throug!: the parsmeter b,

¥Fipgure 7 ancws varicus cxemples of rulse shapes obtained when an fon pair is
foresd incide or cutside of the sensitive veolume at a small distance from its
boundary,

In order tc make a praphicel representﬁtion pcasible, ths drift velocity of
the vositive ions haa been taken as 1€ times smsller, instead of asbout 1CO0 times
amaller, than that of the free electrens. For comparison, the mulse produced by
an ten rair forned inside the active voluma al a large distance from the houndar&
fg also rerresented in Figure 7, It will be noted that the total charge induced
ym tha collecting alactirode after noth the electron and the rrsitive ion have teen
ccilected is alwave & when the fon pair has been formed inelde the sensitive volupe
and 18 alwave zero, when thi: fon pair has been formed outeide of it, The chape cf
the ~ulse, rowsver, varies greatly with the vpositicn of the original ion peir and with

the polarity of the chaasher,

A8, TESTING OF "FAST® ICNIZATION CHAMICRE

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

studying the shape of voltagc rulses produced by single jonizing particles, cr by
APPROVED FOR PUBLI C RELEASE
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¥igure 7

iulase shares cobtained when ions are pr.ducez near the
houndary of the gaugsitive volume of a parallel plate chazber
(see Tipura 5)

Curve {A): icn peir produced fncide the active volure, at A
distance of ¢,75 4 froem the boundary (x = 4 0, G5) K, ¥,
electrode pnei'rivo.

Curve (B); fon mir produced outside of the o tive solwn,
at a diatance of 0,0% from the boundary {x, & -0.05%),
Y,V. electrode pogitive,

Curve (C); ¥, * +7.05¢, Y.V, electrois negmtive,

Curve (D); %, - -C.C‘_'uj, % .,V,. elactrode negative.

In al! canes the ion pair is su{‘rose.i 1 be rroduced half
way betweun the plates {b ® d/2), The 4ri‘t velacity «f
the clcctrone is tshen ag eyual Lo 10 times thet cf the
rositive iong, in orasr to nake a grarhical rerresentation
nf tte tulse share rns=ible,

farve ("}‘rerre*z;\m the puigse gproduced when ar {on relr
is formed hall way hetween the plates, at a la*w distarce

frar the edge of the ccllecting rlectrode (¥.V, electrole
LOﬂi tive).

&

APPROVED FOR PUBLI C RELEASE



APPROVED FOR PUBLI C RELEASE

NEFEIERE JE
RN -+
\ [ L /
.\\ ‘\ // //
A
\\ \\ // /
IERIEE /
\\\\i\\ \////

A b @ ~ o o g
.....

APPROVED FOR PUBLI C RELEASE



APPROVED FOR PUBLI C RELEASE

e
"

inver tigating the time dependence of the slectron current upon a suddan turning
on or of fof & =meurce of contipucus ionfzaticn.

Experiments of the first type csn be carried cut with the arrangement
schematically repreaented in Figure 8, CH is the icnizastion chamber, which contains
n suitatle source of & -particles. The pulse V st the collecting electrode is
amplifisd electronically and then applied to cone of the vertical deflecting rlates
of a cathode ray osczilloscope through a delay line, which delays the pulse by one
to two microseconds withcut changing its shape appreciably. The pulse at ths
outrut of the amplifier is &lso 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 boa.m on
for. ths duration of the pulse, It also rrovides a saw-tooth rulse, which is
applied ir rushepull to the horizontal deflecting plates thus 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 plats
makes it poseible to study the beginning of the yulse which otherwise could not
be observed hacsuss of the small unsvoidable delay in starting the sweep circuit.
Vo(t) 1s related to the function’j( {t) which describes the tran=ziant response of
the detecting equipment by Equation 23, If the rise time of the amplifier 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) = censtent for £ 0,)this equaticn together with Equetion 24 ylelds
¢

Vo (t) = consiant\//f%(t1) aty’

¢

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

Fipure 9, The X -rarticleswsre trcjezted acrosz the eengitive volume of the

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

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

Experimental arrangarent for testing "fast" ionization
chambers with o(-particles,
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e
*isregarded, the culput voltage will rise linearly with tims until all electrons
ave colimcted and then rerain rracticnl)j censtant, Tre tinme for tha collecticn
of the electrone, of ccurss, ia equal te the distance of the track frcm the teaitive
slectrode divided bty the drift velceity of the electrens,

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

Throughk a study of o¢ -rarticle rulses it 12 vesaibls, ai least in rrinciyple,
te detearmine whethear or net any electron attachment takes nlsca., This can be done
by measuring the ratio between the "fast" part of the rulse {(due to the moticn of
free elactrons) 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 be equal to the ratio tetwaen the diatance.of the trscks frcem the
positive and the negative electircode, respectively, if there i no electron attachment.
Any electr&n attachrment leadine to the forraticn of sluw moving negrtive ione will

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

Inner construct;i;); of chambeyr used for detei'}nintng 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 was available which couvld arplify
withcut distortion both the slow and the fast peart of the mulse, Some information
on electron attachment, however, was obtained by studying the dependence of the
olectron pulse on the voltage cdifference acruss the chamber. Any chanes of rulse
height with voltage (excert at very lcw voltages at wshich diffueion‘on'recombination
may play scme role) is a proof ef eleactren attachmeat. On the other hand, the fact
that the rulas helght je independent of the vellsge over a wide range may be taken
as er indication that the electron attachment is neplipitle, As an example, the
two curves in Figure 10 give elecircn rulee heights versue cle:tric field strength
ae obtained with the chamber rerresented in Fipure & filled w#ith arcun and with
boron trifluoride, resf@ctively, It §s evident that a8 large amount of capture takes
‘plaoe in boron trifluoride while the capture in aryon (which has %een proverly
purified) seems to Le negigible. The bshavier of the curve for boron trifluoride
depende critically oo the origin of the gas, whicﬁ geems to indicsate that the capture
is due, at leamt wvartly, to impurities rather than to the bhoron trifluoride itself.

The experimental arrangement for the sacorst type of measurement mentiored at
the beginning of the present saction is achemstically rspresented in Fipure 13,

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

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

the wnl) of the chamber in orler to adnmit tke goft x-ray beam. The veltage drop
acrces the leak resistor F, aflcr suitable amplification, is appiied to the vertical
deflecting plates of a cathede ray csrilloscope., Ths sveer cireuit 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 pulse, the beginning of which can te delayed

by an adjustable amount with reespect to the bPeginning cf the swesp. The ewsop circult
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~ Figurs 1C

Fulse height as a function of E/p in argen (€40 mr Hg
Freesure) and BF_,; (388 mn Hg pressure), Weepurements
taken with the chsmber rerressnted in Figure 9,

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

with a modulated x-ray source,
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enr: either te made to0 opercte autcratically at a rate of the crfer of cone hundred
sHeops por second ¢f it mey be trigpered manuslly s¢ ss tc give single sweopé..

The -‘elayed signe) frow the ewecp circuit mey be used te trigger the rircudt marked
ruleer, the purrose ¢f which is tc turn on cr off the xe-ray bear ty sudderly reising
T Jewering the voltege of the contrel grid. Fhen the wilser is ceonnested und the
eweer circult is orerated, thére will appear on the cerilloscore screcn = trace
vhich pives  the cutput voltage Ve ns a function of time subsequert to the sudden
turning on or off of the ioﬁjzing bear, VG {t) is pgiven by Faueiicn 2f, which, in

the cege, for irstance, of & censtant sourcte of lerdzation turmed on At the tine

..t
V() = e N/?((zl) dt,
()

It the resclving time cf the amplifier is eufficiently swmall, tha function ﬂy'(t}

t = 0, vielde

san te approvimated t- oa d -function and, nccording to Equaticn 24,:('(t} = (s,

Tre eruaticn writiern atove then vecones

t
Ve (t) = constant // f(tl) dty

o

M™le rethod for testing <haabers ieg purerior in rany ways to thet Jdesceribed
rrevicusly which malee ute of « -rarticle ruises, Clucceesive pulees cblalned by
tnrring on or cutling cff the r-rey tear are éxactly iser.tical, while o -particle
julses alwayve 2iffer soremhat £10n one another beacsuss a beer of ¢ ~rarticles s never
1orfectly ccllimated amd 38 often net perfuctly soncenstpetli, 4dlac {t is roessible
to calitrste the xerev eculrrent sc as ta Jelerrine very aceurately the frection of
the forfrati-on current cerried by the electrons. The following procedure ig used.
Ttk the yer=y tube runnirg st & conatart intensity, the jonizatiin current
TC : I;++- IP" ta maasured by menns of a palvancmeter in serics with the lesk

resister R, Then the sweop circuit is orerated mermslly, thus entiing of £ the xeray

neam, and the size ~f the "fast” pulse arpesrineg on the o8, 13lcarane ecrreen is

veccerced, The helpht of tlie pelme 42 rrorerticrel to the intansy®y o7 ke 2lectren
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current IO'. Then the x-ray tube is turnecd off and & currernt egual to the lonization
current previcuely meesured iz sent through the lesk resistor R by connecting its
urper end thrcugh arother resistor Rl (R1>5>R) to an appropriately chosen peint aloerg
the plate resistor of the tube marked "calibrater", The sutputl of the sweepr circuit
giving a delayed sguare negatlve mulse is disconnected frem the x-ray miser and
connected to the grid of the cslitratcr tube. ¥hen the sweep circuit is ncw cperated,
the delaysd negative rulse wil) turr. off the calibrator tube thereby interrupting the
current through the lesk resistor. The height of the pulse appearing on the
oscillcscope screen ie prroportionsl to the intensity of the current originally pressnt

in R, which i8 equnl to the total ionization currert I * + Io-' Hence, the ratio
o

between the siges of the pulses obtained by turning off the x-ray beam and by cutting
cff the calibrator current, reepectively, will be equal to the ratio Io-/(jo* e 10-‘)
of the electrcn currert to the total jonization current. Exceriesnce has sghown that
the fracticnsl value of the electren current can be deteirined to within one or two
per cént by this method,

The testing equipment described atove was used to investigate the response of
a parailel rlate chamber, unifermly irradisted cver its sensitive volume, Ths
constructicrn of this chamber iz represented in Fipgure 12,

4 rvhotograrhie record of the oscillnoscupe deflectiorn obtaines by turning on the
x=r2y beam i& reproduced in Figure 13, The chanber was filled with rurified argen
at 1.8 atiosrheres prescure and the high voltage clectrode was kept at -1000 voltas,

In Figure 14, the ob§erve6 ruise shape, curve (3), is ccmpared with the
theoretical pulse share cempuled for 8 Arift velccity of 1.35 x 106 centimeters per
seconcd, which gives the closest it with the exnerimept&l data.

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

currelt incresces ae a quedratic functior. of the tire urtil 8li electraone have beesn
collected. This functicn is represented Ly ocurve (1) in Figure 4. Curve (2)

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

{1) anc computed by taking inte acccurt the transiert respongs of the awplifier, the
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Fieura 12,
Chambier ueed for t.fe teste with the rulsed »-ray scurce,
X=rsys are acmitted fintc the sersitjve volume thrcugh

the (,0C-A" braeg winfow in the cuter case sid! the {,0OIY

dural windor 4n the hipgh voltage electrode.
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f———— ..

Fipgure 12,

Oecilloscope Tecord otitained with the arranpewert ehewn in
Fipure 10, The total curaticon of the sweer is arproximately
Y5 4 secorde, Heretition rate atcut 106/aec. Exroeure Aatout

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

hy electric rirck up {rom the circuit -which turne en thre re-ray
bear,
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racclving tire of skrick was arvreximately 2.4 x 16"7 gecands, hne sees that the
arreerent between eyrerimental and thecretics]l pulse rhapes is satisfectory, if nct
verfect., A possiltle errlamsticn for the Aiffersnce betweer. curves (2) and (2) may

be found in the edge effects (see Section 7), since, ag it is arparent frem the
design of the cramber (Figure 12) the gas wae irradiated up to the bcoundary of the
censitive volume, Sheuld the experiment be rercated, this scuree of error ecculd

be minimized by p;oviding ueifors irradisticr of the gas rot only »{thin the sensitive
volume, tut alse cuteide of thia vohume, wp to a distance frem its bourdary ccomparatle
with the serarstion of the plates.

The exrerirent dererilied may be ccnsidered se a check of the thecratica?
rredictions on the creraticn cf the charher or, altern-tcly, ne a mathed for tle
detervination of thre ﬁéift velocity of electrone. The values of the Arift velcsity
nhtained with this rethod are inclu?e” In the grarhe piven in Figure P,7,

The mileed weray ecuipmert was alpe usec for the deterpination oF the franticr
of electron current in cvlindrical tordzaticr clacters filled with mixtures ~f
argen And CO? (2ee Secticn 17,4}, The eyrerimentsl results were in very peoed
apreerery with the thecretical rrelictions, indicating thet the electron attactment

vas neglisitle,

10,9 STATISTICAL FIVCTUATICN, f# TFE TONIZATION CUERELNT

“her, 3 echapber ig cenrected te a fast amplifier and irradiated with a strong
rource, the cutput voltage exhibite flurtveticns which are cconetderably larger than
thoge due to the tubie ncise, There fluctuations are cause’ by statistical fluctuations
n the intersity of the ‘onizaticn curient, An arrrexipate estimate fer their
marritude can be ortained as follome: Let T be the rezolvine tine of the detecting
rcuirmert which, as we have scen, is detzroined kv the time For crlleaticr of the
ele~trone in the orerter, by the ‘npet tine ccnstant R, an?! be the frecuercy reaveorge
nf the anrl{fier, %e voy sssure that the fretantacecous value cof the cutput veltsre

fe provorticnel to the number nf iorn peirs rrofuced in the charter in the tima emusl

te U, ap? thip misber, in turn, {2 trorcrtioral to 4te sunber of fonizirne variicles
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Figure 14,

Comperizen between camputsd and obscrved nulse shapes

for the marallel plate charber reoresented in Figure 12,

A constant scurce of ionization is# turned 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 centimsters per
sscond (separs*ior, of the plates; 1.57 cm.). Curve (2) givas tre
veltage et the cutput of the amplifier, comruted for a

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

by taking into acccunt tka frequancy response of the amplifier,
furve (3) pives the chserved outrut voltage (from Figurs 13),
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traversing the chamter during the time T , If I ie¢ the intensity € the
tenization current and m in the averapes rumber of ion paire nro*uced by each
rarticlie in the chambar, the avereps mumber of yarticies traversging the chamber
during tha time T §s gilven by 1 T/me. This nunber undergces statistiral fluctaaticns,
the reot mean aguare of which hpe the relative vslue 1/\f~$ﬁ%?7;;. Thia cuuntity
rapreeent2 also the relative value of the root rxean square fluctuation of the

cutrut voltage, which we will indicate withAVA, Fence we have

AVA = Jm&ﬁt (L)

Seme experiments wera carvied ont for btre rurpecse of checking the atove
relation. 1o these exrerimenta, eight cylindrical chambers of the tyve which wil}
te described in Sectien 12,4 were used, These chambers were 12 lnches in length,

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

10 a vressurs of 4,5 ntmospheres, They were all connected irn mrallel and their
tctal capacity, including that o7 the ccnnect!ﬁg cubtlms and of the amplifisv inpug,
was approximately 100 misromicrofarmd,.. The leak resiater had a value of 100G ohms,
tence the input time ccnetant was 10'7 secends, The chambers wers irras::ted with
8 atrong 'X,-ray acurce, A ralvantmetar, i1n seriez #®ith the lenk resister and by~
mmased by 8 large cowimnasr, wiz uwed for nessuriag the fonizstion current., The
voltage drop acress the resjstor ws applied to the input of a fast smrlifior (70
ver cent pain at 4 megneycles)., The variable cempenent of the outiut voltage was
measure! by means of » holcomatric arrangement, which geve directly the mean squere
value of the fluctustisone,

The experimental rerults are summarized in Figures 15 and 16, Figure 15
renregents the mean square value of the fluctmmtions as a function of the curvent
in the chambers. The voltage across the chambers was 2000 velts,and the ionizaticr
current was changed by verying the dlatance tetwren the 2curcs and the bank of

charbers, According to Equation 4C, (LlV)2 is given Ly the expressicn:

(an? = y2 -.’iL?é-: RI ..n%... . ‘ (4c)
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- Figure lf.

iwerape square fluctustion of the . £7)°
cutput voltage (A.V)° ag
function of the intensity I of the ionization current., F.sg;l-t

eviinirical chamber 5
S irdcal cham :ogt;? rarallel (see descrirticn in Smction 12,4
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ot 74
;; Figure 16

Averape souare fluctastion of the sutput valtage (AVIZ as a

funetion of the voltare ¥V acress the charbers for two 3ifferent
fntensities of radistion. In btuoth cares the fcn'2z9tion surrents
reach their saaturation values ( I = £,% and |

< (,19 micrceanpares,
rearectively) in the nelgzhborhood of 4°C volte.

;L{wﬂf\ﬁigixﬁhh:f‘ﬂwi,
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which indicutes that (AV)Z ehould be proportional te I, 4f T is conatent, The
eurve in Figure 15 shows that this 48 approximataly the case st lszastso long as

the isnization current i= nct teo large., For largé values of the fonizaticn ~urrent,
a Zeviation frem the proportiomality law becomas arparent., It is possible thet

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

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

Figure 16 gives (A\V)z aa a function of the vcolitare applied to the chambers
for two fixed positicng of the Y -ray source. In both cases, the ionization currents
reached their seturation values at atcut 400 volts, These eaturation values were
.19 and 0.5, microamperes resgectively. The dependence of Lﬁ}V)z on the chamber
voltace shown in Fipure 1€ can be understood qualitatively if one considers that
in the cas2 in queztion the recclving tire T was mainly determired hy the time
of collecticn of the electrcns, since thié vag lcng compared with toth the input
tire constant and the time of rise of the ampnlifier, Hence, the observed increase
cf (c;v)3 with voltage reflects the increase of thie average JIrift velocity of
electrons in the chambers,

Equation 40 may be expected to give the correct dependence of {3V on I andC
but cannot be'used for an accurate calculation cf {3V, because of the simplifying
asgunptione 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 (A;V)z. calculated from Equation 40, is within s factor of

two of the obasrved value,

10,10 LIMITS QF VALIDITY (F THE THEORY

The method developed in Section 1 for the corrutation of tne signal cbtained

from an ionization chamber breaks dovm when the ionization current varies very
rapidly with time, Two assumptions were implicitly made in the argument leading
te the fundamental esuation, Equation 8, ﬁamely:

{1} The variations cf the ionizatjon current in a time of the order of the
APPROVED FOR PUBLI C RELEASE
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seaneit tire of an clentromagnetic Ateturbance through the chamber are neplieille.
If 1t were nat go, the gienmmle obtrined {rom various porticns of the chamber woulad
not eimply add up, as Fqustion & implies, This conditicn may Dde sxrrezsad by the

{neauality

me Bl e (21)

>

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

(2) The varlationa of the repretic erergy mus® be sufficiently small so tnat
tiav way he neglected {n the ersrey talarce, If W  representa the magnetic energy,

this conditicn is exrressed vy the inequality

ﬁ%&“" LT (L2)

New Wm ig cf the. crier of h,iz K- vhere h represents the separation of the electrodes,
J.thelr linear dimensicn, and H ig scme avernpe valua of tre magneiic field, H, in
turn, is 6f the crder of § ef/e 2 1/:<xn, (For imatance, Tjéj/c ia the fieid at

the edge of a circular verallel rlate chamber of diseter { , in which the ionization
current has a conrtant density 2j.) Hence the condt tion given in ¥aqustion 42 may be

rewritlen as follows:
(h/e”™) (AT2/at) << 7 1
0

nr

(4 2/e%) (21/aL) << vnyf’/h (L)

J4 48 easy to show that if Fousticn 41 is satisfies, then Eguation 42' is
pati{afied as well, at least in nll rracticsl cuses, In fact the condition given ln
Fauntion 41 gives (}-?/32) (e1/at)K (£ /c) 1. The gquantity ( ¢ /) T represents
the charge carried by the ionization current during the‘transit time of an

electromsgratic Aisturbsnce through the chamber. Thie is always small comvered with

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

‘ we conclude that condition (1) is not cnly necessary, but in all rratical cages,
alao sufficient for the validity of the theory develored.

As we have seen in Chapler &, the drift velccities not only of ions but also
of free electrons are always very amall compared with the velocity of light, This
means that in the case of an instantanecuas burst of jonizaticn, the ionization current
will set in suddenly but will subsequently vary with time at a sufficlently slow
TAate go as to insure the validity of our aprroximation, It follews that even tho -h
the thecry levelcoped does not enable one to calculate the currert I for a time of the

order cfi/c after the production of the ioniiation buret, 1t will pive correct

rezulte for sll subseauent times,

10,11 __VERY RAPIDIY RISING IONIZATION PULSE

The theory is inadegunte for tre solution of a 'pmctical rroblem only in cass
one wants fo calculate the giznal produced by a source of fonization,the intensity
of which kesps increasing very rapidly with time, In this case one has to start

from the Maxvell equationa, which read:

Y 1 X1
éurl E - o _E-T‘

A F
. curl - ‘-g.' bt "4 L e(n‘.;-z -n' 'K-)
. (43)
Ay E 2 4T e(n « n)
-—)-
div H ~ 0

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

restrictive as the pulse becomes faster, It means that the ion and electron
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A
¢ ....;,\ —
‘ dengities n', n".-am? the corresronding 4rift velocitiss, w' and w” are ralated
ty the equations

. £ e ‘

.;Lﬂ.ﬂ - pn - div ]n '3 -ot grad n{]
ot ° | (44)
hY - - -—2 - -—1

;gnfu. £ n, - div [b ® -D prad n |
ot -

where B, rerresents the numbe., of icrn vsirs rroduced per secend and par unit
viitre at g given roeitior, Ar a consequence of the first assumpticn, Equatiore 44

are nct connacted with Fouationsd3 and ray be solvad separately, with the boundavy

copditions that nf S (0 at the rogitive electrode, ard n” 0 st the nagative
electrode, The values thus foun’ can then ke intreduced in Equationsii.
is an exarpls, let us ccnzider the case that tha intensity of the fenizing

radiation increagea exponentially with time so that
B (%, ¥y 2, V) =¥ (x, v, 2) A

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

the tire exvlicitly ie 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 thre
jenization pulse ( t = o=, This means thnt the cnly terms which depend exrlicitly
on time in Waxwell's equatione (Equation 43) are sgain expcnentinl functions cf the
tyre et/t + As a ccossouence, the vectors.;?afﬁ E: which cdescribe the electromagnetic
disturbarce vroduced bty the rulse, also vary with time as ct/i o 3T we only eszure
that they are zero befcre the icnization rulse begins. We conclude that, under the
very mildly restrictive conditions set forth abuve, a scurce of ionfzation, the

intensity of which increases exponentially with time, will always croduce in an

‘ ionization chamber a signal which exhibits the same time dependence as the intensity
1t851f.(1)
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It can be gshewn eesijv that, while the ahaence of recembination is an esasantial
cendition for the validity of this result, the absence of attachment ig not.

- R -

i

In many practical casez, diffuzion may be neglected, If the signal is very
. ____) _4
short, the terme div (n* w" and 24v (n” %") in Equation 44 may aleo be neglected

and n? and n” are then Fiven by the ejquations

+
n* (x. v, 2, 1) ¥ n" (x, ¥y, 2z, t) = «/(;0 (», 7, 2, t,) dt, (45)

~
I

if we m2sume that they are bhoth zero at the time t = 0, This means that in
Vaxwell's equations we may coneider ths density of charge as zero and the density
of current as a given functinn of time and position,

Ae a practical anrlication, lat ns coneiécr the following problem, A coaxial

ine of infinite length consisting of two cenducting cylinders is filled with a
gas, o that it forms an fonization chanter, The two cylinjers are at different
voltages with the outer cilinder, for instance, positivas,

For the descripticn of the field, a cylinirical system of coordinates (r,(g. z)
will he vsed, with the z axis nlony the axis of the line,

[et us necure that a section of the line of very small length /- and situated
at z = O 1e uniformly icnized by sn external agzent, .Furthermora, let us sssume
that the drift velocities of ions ani electrons are proportional to the electric
field, an® therefore inversely proportions]l te the r coordinate, This means that
the currant density in the jonize? layver is inversely prorortionnl to r, so that

{fa atsclute velue i piven by an exyrecsion of the ferm
e §J = 3 -j'f:—f‘?vej (4€)

whers & ¢ the radius of the Irver tule and §. 1t Lhe value of J at the surface of
lrisx 2lmcirada, T¢ wﬁ+ oyl wa' sre tre sraclute values of the drift velocitiea at

the same rlace, 1, ir siven by

.

EIEE BT R4t

wo [ R i) dy {27)
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New 4t is well known that in & coaxds]l line nade of two perfectly conducting

cylinders seyurated by an uncharged dielectric of dielectric constant equal to 1,
Vaxviell's equations have solutione it which the electric vectcr has only an recomponent
E_, while the rmagnetic vector tas only 2 @-component, H Er and H{Q are eqgual

r G
in marnitule snd are given ty equaticny of the tyre

Ey.

Ry = (1/7) fl (b =~ 2/¢) (48}

or

[1]

Eyp -B, ¢ (1/r) £, (¢ +z/c) | (493

Equaticn AP rerresents a transverse wave projeganiirg with light veleecity, ¢, in the
directien of the vositive 2 axie., Equeation 49 rerresents s transverss wave
vrorapating vith the rame velocity in the regative directicn,

Tt ir susy to st.cv that, under the sssumpticne nade above, the ifcrizaticn
pulze wil) produce two waves of this 4yre provegniing 4in oproeite directions from the
ionized layer, For this purpese, we only need to prove that the boewndary conditicns
8t £ = 0 can te satisfied hy sssuming that the electyanaprietiec fielé is rerreaented
by equaticns of the type in Fouwation 4R fer z> 0, and by equatiora of the type in
Fountion 49 for 2z { 0. Theze boundary corditions state thet E is continuous across
the jonized layer, while the value cf?changes by 4 7/c times the surface density
of current in the ionized laver, Since we have ageured that the ovter conductor
is vozitive, this current proirts towerds the imner conducter ami the boundary condition

give the follewing equations

(/3 r] (¢) - (21/v) rz ()

"
Q

(1/r) £, (1) 4 () £, (4) (417/e) £ (a/r) o 3,

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

£, () = £, (V) S @r/e)daace iy (1)
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The solution of cur problem is therefcere;

Bp B H, 227 /c)o(alr) o 3, (t - z/c) for 23>0
(5¢)
F. = .}16 s (2a/e)n(rr) o Ja (L4 2/c) for 240
The current, 1, in the inner tude csn bs calculated from the equation
Lml 3 271 He (51)
Topether with Fcuntiorn 5C thie gives
"I (z,t) 3 (mle)m e 3a (t = 2/¢) for z> 0
(#2)
I1(z,8) ¢ (m/aYhae 3a (¢ + 2/¢) for 2< 0

The curntity 2 ITsAja reprasents the total charge flewing from the icnized layer
Irto the inner ceonducstor ver uvnft tirme, Herce, Equations 82 simply mean that the
cu:‘i‘enl erterine the ripe at 2 = C splits Into two squal rerts which proreprte with
1ight velccity In the two orpasite 2lrections,

IT the icnized layer §s not infin!tely ihir, as it s essumed sbeve, then the
solution of the vrehlem csn bte chtained ty suhaividirg the ionized layer into an
_infindte rurber of Infiritely thin layers and takirg the eux ({.e., the integral)

of the solutions correstonding to the elenentary layers,
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CHAPTER 11

Ga3 NULTIVLICATION

11.1 GENERAL CONSILERATIONS

When in a portion of the volume of an ionizstion chamber, the electric field
strength exceeds a certain vaiue, the electrons which penetrate this volume will
acquire, between collisions, a sufficient energy to ionize the gas molecules. Thus
more electrons will be liberated, which in.turn vwill vreduce more ionization by
collision, until finally all electrons, whether directly produced by trhe external
lonizing agent or generated by secondary coliision processes, reach the positive
electrode,

The phencmenon described above is callied "gas multipiication™ , and it is often
used for the purpose of amplifying the effects ol weakly ionizing radiations. The
cliambers 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 difiecrence of potential between the two
electrcdes is sufficiently large, there exists around the wire a cylindricai region
where gus multiplication tukes plsce. The diameter of this cylindrical region is
usually a small multiple of tre diameter of the wire. Hence, its volume is very
small compared with the volume of the chawber, and the prcbability of an electron
being produced in it by the primury lonjzing radiation is negligible, The electrons
produced outside of the region where gas multiplication takes place produce, on the
average, tlre same number of jon pairs by collision before reaching the wire. Let
us denote this number by n-l, so that n represerts the total number of electrona per
primery ion pair in what we may call the "initial avalanche'. InAaddition to the
electrons set free by collisions, electrons may be produced also by photoelectric

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

. result in the emission of photons. Sincathé excitation energy is always smaller than
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the ionization energy, when the counter is filled with a pure pas, photo-electric
ef'fect can onl& occur on the cathode, \‘then, however, the.counter is filled with a
gas mixture, photuns emitted by rolecules of ovne wind. ray be able to ionize molecules
of unother kind. Let¥ be the auverage number of photoelectrons produced per ion pair
renerated in the gas (where always¥<K1 ). Then the initial avalanche of n electrcns
will be accamanied by the ;.roducticn of Yn photoelectruns, which will produce a
secondary avalwiche of ¥n< clcctrons. The argurent may be re.ested and one finally
obtains the following expression for tlie ﬂotul numter 4 of electrons set free in the
chimber when one ion palr 1s produced by an erxternal agent:

TS TR il)

The va.ue of ¥.- .evends on the volt:uge applied, ihen the volt.ge is surfi-
ciently low so thot F1kl, we say tunt the ch:miber is overated ss a "proport:ocnal

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

by :
(1-¥n) _ (1)

This equation shows that if n is sufficicntly small, M is -ractically equal to n,
which means that Lhe jhotoelectric effect can be neglected,
| If the vc;tage is suech that ¥n>1, then Zquation 1 gives i = oo, wh.ch physi-'
cally neans thit an elecutric breskdown occurs in the chamber. « chamber operated
under these conaitions is cilled a "discharge counter", The discharge ray be in-
_herently unstable, or may be juenched by externul means. Not much development work
on discharge counters was carried out at the Los aAlamos project, Hence, we shall
1indt our consideratiuns to the counters operating in the proportional region.
¥irst, it should te pointed out thut a proportional counter as defined above
is not necessarily "proportional®. In fact, the pas multipiication is a constant,
i.e., indeyendént of the primary ionization, oniy as long as one can neglect the
medification of the electric field near the wire caused by the space charge, 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 tusrilied, and

let us assune, moreover, that nc electrun atticnrent tares place, Then the gas
multiplication &, for a given gas, wiil be a functi.n of the diameter a of the wire,
of the diameter b of the cathode, of the pressure p, of the voltage V, across the
counter. It will also depend on the nature of the cathode, if the photoelectric.
etffect plays a role. If, however, the phtoelectric eftect is negligible, which is
always the case for sufficiently low values of the gas 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 Vo, 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, inciunding the
mean free paths, are multiplied by the same fucltor k, while the eiectric field
strength is divided by k. Hence “h¢ energy pguined by the electrons between colli-
sions at corresponding points of the two counters is the same, ami the numbur of
collisions for electrons travelling between two corresponding points of the two
counters is also the same. it rollows that M can be expressed as a function oi the

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

v
M= M O _, pa :
( Tog(6/a) ) (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 coublinea capacity C of the collecting
electrode plus the input of the amplifier represents a tiwe long compared

with the duration of the pulse, Suppose now that N, 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

electrong reach the neighborhood of the wire, gas multiplication takes place.
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-

Ina very short biﬂm«ell the eiectrons formed b& collisién will reach the ﬁire,and
during this g;me the pdﬁential of the wire will undergo an appreciable change. . nt

the same time, the positive ioﬁs will start drifting awsy 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 ufter all electrons
have been captured, first fairly rapidily, then very slowly. Hence the pulse of the
proportional couhfer may be expected to exhibit a shape of‘bhe type shown in Figﬁre 1.
The "delay” tj in the beginning of the puise erénds of'coursé on the distance from

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

one ém, t1 may be expeﬁted to be a few ténbhs of a 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 microsecord., The totdl time for the positive ions
to reach the cathode is of the order of a millisecond, but iost of the pulse due to
the motion of the positive ions takes place in u much shorter tire, while the posi-
tive ions travel in the intense field near the wire.' The contribution of the elec~

trons:to the pulse is in genéral smaller than the contribution of the positive ions,

K

" because the ionization by collision takes place‘usuilly at a distunce from the vwire

oLaller 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, This
modifies the shape of the initial part of the pulse in & munner which depends on the
pusition and on the orientation of the track: Hokever, the sﬁape ofbthe 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 uéglected, the pulse shape,
for a given gas maltiplication, will be independent of the'ndmber of prirary lons.

Usually, the time constant RC, or more generally, the resolving time of the ampli-
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Figure 1

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

tional cocunter,
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fier 18 chosen so as to be iurpe coupared with the time to for the collection of
electrons, but short compared with the totiul time for the collection of positive
ions. The owvserved pulse shape will then be of the type represented by the dotted
line in Figure 1. The pulse height will depend somewnat on the value of the resol-
ving tiie but will be independent of the positicn ot the brack bacause thiis only
affects the shape of the initial part of the pulse, as pointed out above.

nguin, under the assuwsption that spuce charge eftrects 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 un ionization chamber without gas multiplication
(sce Section 10.4).,

The analysis of the operition of a proportional counter, when spaée charye
effects cannot be negiected is hopelessly complex, The eftfect of the positive space
charge left near the wire after this renoval of the electruns is to weaken the field
near the wire, thereby decreusing the vulue of the gas multiplicstion. JPossihly
the size of the effect could be calculated in the case ot a uniformly irradiated
chanber. Such a calculation, however, would have little bearing cn the problem,
which is practically more irportant, of deterumiring the e fect of the space charge
in a proportional counter usea for the detection of individual ionizing particleas,
In this case, the total number of ion pairs produced per second in the counter is
not the only factor to be considered. The gas 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 iequire separate 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 space 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.
“henever proportional counters are to be used for quantitative mea;urements, it
is aavisable to test their oneration by checking the uniformity of the pulscs pro-
duced by particles dissigating a glven amount of energy in the counter, and possi--
bly by determining whether or not the gas miltiplication is independent of the

srimary ionization.

11.2 EBXPERDAUNTAL VALURS OF THE GAS MULTIZLICATICN FOR VARIUIS.GASES

It.has been  shown in the precediAg section that, for sufficiently low Q;lues
of the gas multiplication M, this quantity, for a given gas, may be expected to
bé a function of the two variables Vo /log(b/a) and pa only. Thereforce it will:
be possible to calculate i’ for any set of values of Vo Py 2,and b if I has been
measured as a function of V§ and p with & given counter (a and b constant),

weasurements of ire gas 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 snitable

amplificaiion, were ovserved on the screen of an oscilloscope. Then the voltége
across the counter was reduced until the counter was operating as an ionization
chamber 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-
~dure would be rigorously correct only if the resolving time of the amplifier was
large coxpared with ihe duration of the paides, Actually, its velue was ap-
proximate,y 1lOC microseconds, which is long compared with th.e time for the collec-
tion of electrons but short compared with the time for the collection of the

positive-icns, The error taus introduced. however, is not very sericus

bezzuse when the counter is used without gas multiplication, the pulse is
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mainly due to the @otion of the electrons (see Seciion 10.6), and when it is
used with gas multiplication, the main part of the voltage change caused by the
motion of the positive ions takes lace in a time short compared with 10G micro-
seconds. Moreover, this error does not aftect the relative values of M because
the pulse shape of a proportionil-counter does not change,appreciably with gas
multiplication, .

Some of the guses investigated are listéd below, along with the references
to the figures which summurize the experiuentul results, It must bé emphasized
that no.effért was made to reach any high degree of' accuracy in obt&iﬁ;ng ihq
eXperiﬁental data here presehted: |

Fig. 2 . Tank Hydrogen

Fig, 3 Methane

Figs. 4 & 5 Tank Argon

Fig. 6 - Spectruscopic Nitrogen

Fig. 7 - Boron Trifluoride

Fig. 8 90% Hydrogen, 1G4 Methane mixture
Fig. 9 © 98% argon, 2% CQ, 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 Figures 2 to
11, one can draw the following conclusions:

(1) 1In nost 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 Vg .
increases with decreasing pressure and decreuasing wire diameter. Yor low oressures
of hydrogen, argon, or nitrogen, the gas multiplication changes so rapidly with

voltage that the counter is difficult to use. The addition >f a smull amount, of
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Figure 2

Tank hydrogen 79.97% pure, Wire diumeter 2u =
diameter 2b = L.87", Gus multiplicaticn M vs

sures of 10 and 55 cm Hg.
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Figure 3

Methane 85% pure. Wire iiametor: 23 = U.L10"; cylinder diameter
2b = L,87". Gas multiplicution i vs voltace fcr pressures of 10

and 4C cm Hg.
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Figure 4

Tank argon 99.6% pure. Wire ciameter 2a » 0.0l"; cylinder diamater

2b = 0.87", GQGas muiﬁiplication ¥ vs voltage for'pressures of 1C

and 40 cm Hg.
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Figure 5

Tank argon 99.v% pure. Wire diameter U,U01"; cylinder diameter

1.56", Gas multiplication M vs voltayge for a pressure of 6,8 at-.

mospheres,
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Fipure o

Spectroscopi¢c nitrogen. Wire diaceter 2a = L.WW1™M; cylinder diumetcr

1,56", Gas multipidcution M vs voltage for pressures frow V.% to

h.25 atmoépheres. "
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Figure 7

Boron trifiucoride. Gas multiplicution M vs voltuge. Curve A:
wire diameter 2s = 0,010"; cylinder diareter 2b = 1.5u"; pres-
sure p = 10 cm Hg, Curve B: wire diameter 2a = U.CG1": cyiin-

Jer diameter 1.56"; pressure p = 8U.4 cn Hg.
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Figure 8

R i,

_ °I°'°"
9% hydrogen, 1(% wethune mixture. Wire diameter 2n = TSHe;

eylinder disceter 2b = 0.87", Gas multiplication M vs voltaye

for pressures of 1C and 4( cm Hg.
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Flgure 9

o.018"
98% urpon, 2% COs mixture. Wire diameter 2a = PC™; cylinder

diameter 2b = U.87". Gas multiplication M vs voltage for press-

ures of lU and 4U cm Hg.
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Figure 10

0% argon, 10% COp mixture. Wire aiameter 2u n C.U05%; cvlinder

diameter 2b = 1.50%, Gas multiplication M vs voltage for pres-

sures of 1.13, 2.15 And 3.5 atmospheres,
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Figure 11

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

of 0,83 atnospheres,
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carbon dioxide to argon or of metharie to hydrogen makes the dependence of M on
Vo a4t low pressures much less critical.

It may be added that an attempt was made to verifyv experimertaily the

relation ex.ressed by Equation 2 by com;aring the curves of V, vs p at con-

il

stant ¥ with argen filled counters of different dimensicns, namely, 2a
alut, 2b - GLBTM; 23 = 0, B oo llovomty 20 = 0,002, o= 150" 24 -
oAb, 2b = 1,50". Ltiscrepancies of the order of 10 per cent were found
setween the values of V, observed with a given counter and those ccmputed

by neans 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 diumeter.

:1e3 THE CHAPs CF PROGPORTICNAL COUNTLWS

The shaupe cf pulses from a pro;ortional counter was investigated Ly
deterwdnlng the intensity of current a3 a function of time inmediately ~fter
a constant scurce of ionization is suddenly turned ofr. For this test,'hhe
pulsed x-ray ejquipeent descrioed ;n Sec. 1u.B wis used, The counter had un
inner diwreter of L.75". 1he wire was U, 10" in dismet.r und 6" in iength,
fne x-ray beam was sdnmitted into the counter 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 ionizatlion chamber shown in Figure 1lu.il,
The resolving time of the ampiifiler wus C.8 microzeconds.

Jome of the results obtaired with a gas filling of W cn Hz of Qrgun
and CO, (98% argon, 24 co, ) are shown by the photographic records repruvdiced
in Figure 12. The length of vhe cweep was 07 microsceconds, Trace (a) waa
obtuined with 30C volts across the counber, at which voltuge no gus multipli-

cation occurs. ULnder these conditiong, the current throupgh the counter wis
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Figure 12

“hotographic records of pulsus‘cf a cylindrical chamber upon sudden
interruption of const.unt source of ioniz..tion,

a. wit. out .8 multi iication
b, with gas multi_lication
c. calibration pulse

The g-in for (b) andr(c) w18 about 3U times smaller than for (4. The
total dur«tion of the sweep wis 07 microseconds,
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Lo xlowseuwperes. Trace () was cbtained with 100U volts across the counter,
1t which voltage the gas rmuitiplicatlion was about 3, giving a cucsrent tarough
the counter of ¢,5 xlb“7’amperes, Trace (c) represents a calibration pulse
obtuined by sending through the Lleak resistor of the counter o current of ¢.5
x 10 amperes and then cuttiug it off clectronitally (see flecticn lu.2,. %he
fain of the amplifier 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 frqm the counter puise shovwn in trace (b) of Figure 12 ani from the
calibration puise shown in trace (c). OCne recognizes that the shape of the
pulse exhibits the features which cne ray vxpect fremw a qualitotive analysis
of the operaticn of the counter, 4s discussed in Sectiwn 1.

kxperiments were carried out with difterent values of the x-ray intensity
st pressures from 2u cm lpg to 76 cm 4, and of the multipiication from 2C to

3u, No large differences in the pulse shapes were detected.

Ll.g  DEPENJYNCE Gl TiHE PULSE REIGHT ON THE TISTANCE CH THL TR&CK FRQU

TH: WIVE

It has been pointed out in Section 1 that the height of the pulses of a
oroporticnal counter shou.u be independent of the di stance of the ionizing track
from the wire, provided no electron sttachment takes nlauce. This w.e tested
experirentally for a number of guses, at preséures both ﬁbOVe and below at-~
aospheri¢. The measurements at »ressurea below atuospheric were carried cut
by shocting polonium o -particlies 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 o -particles, at the pressures used, was siall compared with &the diameter

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

tained with tracks located near the wall and near the wire, respectively, are
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Figure 13

vurrent as 2 function of time inm a proportional counter upon sud.den

interruption of & const.nt source of ioniration (from trace (by,
Figure 12) - ‘
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listed in Table 1l.,4-1 2long with the .itu describing the exnerimental con-

ditions under which the meuasurewents were tuken., The value of F>: 1 found

Table 1l,4-1
Ratio between the pulse heights corresponding to the same primary
ianization 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 w8 e ek ape AR+ — e — e ® e

— . = A - .!._.......T..'_. T I e "”‘:."' et et e
: 2a : 2b ‘
Gas P (inches) ° (inches) - M ‘ |1
H, 22 em Hg - LG . 1.5 ©250 S 1.0
A (99.6% 0.8 atm. 1 w001 1.56 © 128 . 3.
pure) ! : : :
CH 22 cm Hg GLOL0 01,5 Looa7 S 1,0
" BF 4 {10 cm g Po,006 ;1.5 1 8L 1.0
! i i i ;
BF , 1,05 atm, Gl (1056 | 128 .02
i ' 1 i !
BF 4 i1.G5 utm. NRTO! 1156 b 00 0.15
' ' ! ; |
RLE arpon 0.8  atu. fo.c01 11.56 128 0,2
and lo¥ : . ! | l S
propene f ! !
(commercisl) ; ( o

for these ratics in the cise of argon and hydrozen is in apreepent with the
fact already menticned that ne appreciable attachment tukes place in these
gases (sce Seciion 8.4; however, hyd:ogen wes only tested a1l lew uressurs),
The behavior cf BF 3 ; for which P = 1 when a low prezsure und a compara—
tively thick wire are used, and for which e<3;1 whon o high pressure and a

very thin wire are used, can be uncerstoud if one ccnsifers: (a), that for
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BF ; the electron attachment decreases with increasing E/p, while for a given
value of k/p, it is proportional to the pressure; and (b), that the field
strength near the cylinder wall, for s given gas multipiicaticn, is weaker
the thinrer is the wire.

11.5 ENI' EFFRCTS; ECCENTIICITY OF THE WIKE

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 supoorts sre in this
cise a part of thecollecting electrode (see(a) in Figure 14). In some coun-
ters, Lhe vire may e supported ty 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 ne.sr the center.
The modificaticn cf the field hus two sepurcte eflects. The lines of force
nesr the ends of the wire are not radiul, so that the "sensitive volume" is
rat. & rectanpular cylinder, but has roughly the shape shown in (a) of Figure
liy. By "sensitive volume! we uraierstand here the re@iun vhere electrons are
preduced which give rise to ,a® muitipiication, also the field strength ap
the surfarce of the wire 1s wecaker near the ends and resches its normal value
only st some aistunce fram the ends. This causes tne gas multiilicaticn to
decrease gradually 13 one approaches éither end of Lhe wire. ~'I‘he erd efrects
were investipgated by shooting o -particles in a direction perpendd cular to the
wire, at varicus distances from the ends of the wire. The wire was 0.010" in
<iamiter and supportiry rods L,025" and C.CLO" in diameter ressechtively, were
wwo.  The results are shewn in Fienre 15, +t is seen that the normdl.gaa
waitiplicstion is reached only at 4 constiderabl:. di-tance from the ernds of the
wire, o distance which. ipgreases with the thickness of the snplortinn.ru¢s.
n the cthuer uandi, if the zupperting roos are .art of the collecting élec-

trade, they cannot de made tovo thin, lest gas muiti:iiceoticn takes place at
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Figure 14

tffercnt w-ys of su,porting the central wire in a ,rojportional

counter.  Shaded areas represent insulators.
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Figure 15
End effects in a proportional counter for tso differeantv 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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1.4

tbeir surfare, (1t nuy be pointed cuvt that in the measurenents mentiorned
svove, when U.0G25% dilameter supworting rods were used and phe gas multipli-
caticn at the wire was 250U, a g.s rmlti-lication of about 10 was observed
at the rods.)

The end effects muy be avoided by supporting the collectinsy wire by
means of guard electrodes c¢f the sime diameter ..s the wire, as indiecated
in (¢) of Figure li. . counter desipgned according to this principle wil)
ve described in Section 14,15,

It hus bevn implicitly assuned sc far that the two electrodes of a
proporticnal counter wre exsclly coaxia: cy.inders, The effect of ua small
eccentricity of the wire shall nuw be irvestiputed. We will assume therefore
thet the inner and outer electredes are cylinders with their a-es peralleld
but riot coincident. The problem of deterrndning the electric field hetween
tne two cylinders may be sclved by considering the tield produced by two
straight pirullel (iluments of infinite length, uniforaly charped with equal
snd opposite iinear densities of chuyrge., If we denote with A il = A the
densities of ch:.rge, with r., und r, the distances of 4 point P fron the oosi-~
tive and the ney=tive tiliment, res:ective:y, the poteutial .t the poiht
P has the expressiont

V = 2Aleg m+ k (3)
where m = r2/ £y and k is a con.itant,

It cen be shown easily thet the equipotentiul surfice corresponding to
a given value of the voltage V and therefore of the pafumeter m is a circular
cylinder of radius:

r = d n (L)

pr )
tre axis of which is in the plane of the two filaments, at a distance:

S = d
m -l | (5)
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from the vositive filament. In the above equatisna, d indicates the dis-
vances between the two filaments,

Suppose now.that the countér is forméd by two cylinders of radii a and
~ respectively, the axas of which are at a disﬁanceA apar"t;, The {ield betwren
the two cylinfiers will be idertical to the‘fieli oroduced by two atraight
f1laments, arpranged in such a way that the surfaces of the two elecérodes are
equipotentiall surfaces ( sze Figure 1f), The distance d belwsen the two fila~
ments and the) values m, and m, of.the parameier m 1t Lhe surface of the elec-

terodes are debermined by the following evuations:

5 ™
a ~
4 ) s Bz m——am
Lnaﬂ' _1 . l“" 2 “:L
- 1 4 (&)
AN :5 b “J x4 ——ee - _.QE“,..:‘__,
a - -1 -

“he poteniialiV in the wpace between the twh cylinders is miven by Hyuation 3
ahers the condhtart A and k are deitermined by the bountary conditiens,

ViOform=m {(i. e., 3t the surface of the
& ingner alectyrode!)

ViV form=am (<. 2,, at the surface of the
© * outer elecirode)

Ore thus cbraiins:
teg(m/m )

/m

h o oa

* .t
3 Y
o

(7)
Log(m

The elertric field strength E is comguted as the negative pralient of v,

- VO pradiloy m)

B re— ¢

Tog(m /m ) ' (8)
\ R

A7 an examole,| let us caleslate Lhe magnitude of B for ocints of the plane

which contain Lhe axrs of Lthe two eylinders as #n1) as the two fictitiicus line

~harres, In tLis plane the fallowing ralation holds
*‘ ‘,+rl

h

ahiere the pluig sipn refersg Lo polnts of the nlaae £or which rg> 1, and the
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Figure 10

siasram for the caleulation of the field in & ccunter with eccentric
wire.
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minug sign to peints of the plane for which rald,

From kqustion 8 it folliowe

— V,

I d . {19)

:- W»AT‘ - -.-vauu-::-—‘.
log(_mb/n'a . rl(d"F 1)

If we upply the sbcve equation to points at the surface of the inner electroce
(rl = a- Sa’ r, = e Sa;, we obtuin the vasues of the maxdnua «ana minimun

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

Va

E maxj} = ot o d__ :
E in logim%,-’nza, {a F é,’a\td ¥ (axd,

#we now assune that the eccentricity of the wire 1s small., UYince, when the

(10)

eccentricity vanisnes, d becowmes infinity and Sa beccmes zerc, ¥we Ciuh assule
that d>> and 5;<¢lq. The moximum relative variatian of the field #t the

surfuce of the imrer eciectrode as given by Mgu.tion 1v nsy tnen be written as

é.@ = 2(}2& + ;) Gl
b o d

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

follows

vield
E = 4 &A .
) b;v (ll'}

From this equdatiun and from the experirertinlly deteruined ceperdence of
the pus multiplication on electric fieiv strength at the inner electrcae, one
Can wu5ily deternine the spresa in gos nuitijdication ceuszed by a given eccen-
tricity of the wire. For instunce, in inc case of a 1" counter (2t =1") with
& U.ULU" wire (22 = 0,010"), L.LLU" off center (& = U.VL0Y) Equation 11! vields
.é!g.: 8 x 10-4. If the ccounter iz fitled with hyriroyen ut 5b.cm presdure and
ogerubed at a g.s multi:iication of uabcut 1ul, such 4 variation ot the slectric
field strength will produce a change in gas mvitiplicatisr of the wrder of wne

per cent.

11.0  obPresl IR e8Lie abIGHT

There are several reusaons for which tracks, :rodecing the s.me amount cf
s ?
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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 reascns have alre;dy been men-
tioned and include space charge effects (see Szction 1), electr&h attachment
(sec Section 4}, end effocts (gee Section 5), and eccentricity éf the wire
(see Section 5), Othker possible causes ¢f spread in pulse heigh@ are inegua-
lities in the diareter ¢f the wire and particles of dust present on the wire,
These effects are likely to bte particularly troublesome in the cass that a
very thin wire is used, which 1t 1s necessary to 4o in order to kesap the opere
ating vcltage within reasonatle limits when the gas pressure in the counter
is high. Actually #with a given counter (2a = 0 00L*, 2b = 1,36%, za3 filling
6.8 atmosphereg of an argon-propane mixture; polonium scurce on the wire) a
spread In the pulse heipght of the omer of 530 per cent was observey before

the wire was cleaned, After the wire hit “een narefully cleaned, the spread

-

in pulse height was r~duced to acout 10 par cont,

A typical pulse height distributicn curve is shown in Figure 17, Similar
curves were obtained with ressonably monoenergetic sources of ¢l--particles
wherever carefully cleansd counters were used, and care was taken Lo Avoid tue
disturbing influence of end effants or electron capture, Unfer these conditicns,
the width of the pulse heiont distritution, defined as the pulse heizht interval
whiech certains 50 per cent ¢ all the ¢hserved pulses, was fourd 4o be between
€ znd 10 per cent of the averas pulse height, This represents an apper limit
for the =pread interent in the pas multiplisation, because 1t is likely that at
least part of the vbserved spread ray be caused by lack of monochromaticity of

the sources used,

10,7 NULTIPLE WiRE COUNTER

A proportional counter. in which a zrid formed . 2 number of parallel and

equidistant wires takes the clac: of the single wire ysed in Lthe corventional

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

Typlcal spread in pulse height for a proportional counter. ®&ire
firaneter 3,01D inch; cylinder diameter 1,5 inch; eaz fillinp 39 cn
A7 of H, 4 % om Hp of CHgex gas multiplication F20, The experimeat
wis perforuned by shocting a collimated beam of A -particles thraush
the counter, in a AdAirection perpendicular to the axis, The out-
put puises of the amplifier wsre analvsed Ly means of an electronic
daserizinator, The curve gives number of pulses against Lias vol-
tage, The width of the pulse height distribution is AV/Vg= 0,06,
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Figure 18

Schematic diagram of s muibiple wire proportionul counter. G, 3
form the high volt.ge vlectroae; v is the collecting electrode.,
The arrow P represents the direction of the beam of ioniuing pur-
ticles, :
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counter is schemalically represented in Figure 18, The grid W is mounted

rigidly betwesn tw> screens, S, and S3, cf nigh trangparency, The grid ¥ is

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

The screens S1 and S, are connected to the negative high voltage supply,

The ionizing particies are admitte:l into the sensitive volume of the counter
through one of the screens, The electrons liberated by an ionizing particle
betlween the screens drift toward the wires, in the neighborhood of whicn gas
multiplication takes place,

For testing purposes a counter was twilt containing two separate =lements
of the type described above, The details of the construction are ghown in
Figure 19, The two counting grids and tne three hign voltage screens are
mounted on invar rings and stretched tight by differential thermal contraction,
Collimated beams of o -particles, from polonium sources placed in the guns
A and B, iespeclively, can be directed into the counter through either of two
sets of noles (0,026 inch in diameter, 0,3 inch lengih, 2 millimeters separition),
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 positions 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 O,

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

The pas multiplication as a furction of voltage was measured aht pressures
of 4 cm Hg and 29 m 1g, The results are presented in Figure 20, At 29 ca
pressure the measurements were carried out, as desccibed in Section 2, by
comparison of pulse heights with and without gas multiplication, At 4 cm
pregsure, the primary ionization in the counter was too small to permit-
vbservaticn of ionization pulses without gas multiplization, so that the gas

maltiplication is vlotted on an arbitrary scals (by taking M=l for the lowss!

A
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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. Gus filling 97 per cent arygun; 3

per cent CQp at total prebsures of 4 cm Hg and 3u 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 heigpt with the distance of the track from

the counting wires was investigated by shooting & -particles perpendicularly

to the plane of thé wires, through the holes in front of the gun A, A continuou;
and periodic variation of pulse héight was observed as the & -particle beam was
displaced with respect to the wires, The pulse height reached'a maximum when
the &4 -particles passed near one of the wires and a minimum when the & -particles
passed midway between wires, The difference betwecen maximum and minimum was

about 1l per cent,

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

poéition was 13 per cent 5 i, e,,it was of the same order of magnitude as with a
conventional proportional counter operated under similar conditions,

The two counting 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 electrode in the other
unit, This was done by shooting ¢ -particles fn 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 thﬁn 0.2 per cent of the genuiﬁe
pulse, The experiment also showed 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 bear was moved across the sensitive volume,
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CHAYTFR

RETA_RAY, Y -RAY AND X-F8Y DFETECTORS

-

12,1 GFNFRA] COMSIDERATIONS

411 of the instruments described in the present section are essertially
Reteclors of high ererey electrons, Ganma and x-rays (bheth referred to in what
follows as " y-raye™) act upcn the detector thrcugh the intermediary of secondary
elactrons generated in the walls or in 1he.gae of the chamber,

nless a very high pressure is used, incividual eleetrors preduce orly a
sra)) numter of ione In a chamler, becaﬁee of their amall svecific ionization,

For this resson the electror detectores use in the log Alames project were limited
to twe caterories: (a) Adischarge enmunteras (Geiger-¥ueller counters) in which the
rriraryv ionization rroduced by the electrcen is weaed to initiate an avalanche; and
(n) inteerating cﬁamhera. by which the ionization current rroduced by a large number
of electrens is recorided, _

Recause of the small range of electrons in solid matter, (3 -ray detectors
mus{ have very thin walls, or be rrovided with thin windows, at least 1f ore does
not want to rlace the acurce insicde the counter,

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

anppreciatle attenuaticn of the primery " radisticn..

12,2 _YIFID OF ¥ .RAY CCUNTERS

In Aiecusaing the remponse of dischlarpe 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 ( -rays. In

125
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the case of Y-rays, the counting yield 1 of a discharge counter, defined as the
ratio of the rmmher of counte to the mumber of photens traversing the counter, is
glven by the vrotat:ility that at least one secondary electron be prcduced by the
vheton in the 'wall and emerge from the wall inte the gensitive volume of the
ccunter. (Froduction of secondary electrorns in the gas can usually be neglected.)
The thickness of the effective layer, i,a., the ]aj*er from which secondary electrors
ray emerge into the counter, increases with the "range" of the alectirone, and the
nunber of electrens vroduced in this lsyer is vrreportionsl to ite thickress and

to the creease<gection for production of eleetrcre hy ¥ orays in the wall material,
8g for the derendence on the angle of incidence 8 of the rhotone upoen th;: mll, if
the seconrdsry electrcne nroceed ir the dtrecticn of the incoming nhotons, the

viald will be infererdent ¢f & . This i{e 20 becavee the thickresa cof the effective
layer is prepertionel to cce & , while the path of the phreotone ip thia layer is
rrorertioral to 1/cce @ , 1In the orrceite limiting care; i.e,, when the electrons
are cemcletely scatiere” sc as to be factrorically cdistributed, the yield will be
rreporticral to l/'cos'@- o« Thie is sc tecause the thickress of the effective layer,
in this case, In inderendent of ©, while the path of tke photon in this layer is
vronortiom) to l/cos’& o A semlerpirical eyrressior for the yleld N w8 derived
urder the assumntior of complete scattering, a condition which 18 fairly well
verified for elewents of hipk atoric nmunber and for comparatively amall electron
energies . (Vetsllurgical laberatory rerort), For perrendiculsr incidence the

follewine relation holds

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

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

ph’ /uc
material relative to rhoto effect, Cémpton effect, and mir vroduction resrectively,

and Ry, Rc and Rm' are the extrarclated ranges of mwonckinctic electrons of energy

corresvencdine to the mean enerpiees 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 msterinslizaticn two seccndary electrons
are nremced, The murericsl facter €.135 48 chesen empirically for the best it
with the evverimental results, -

It may be note” that accerding to the assumntion of complete scattering,
the number of slectrone ererping from a piver surface §s indevendent of the
orientaticn of this surface in the ¥ -ray beam, Herce the yisld of a counter
of any ghape can he calculated hy multinlying the'expreeslon _or M ‘given in
Fauation 1 vy the ratio of the total mll area to the croés-sectional arex of
the counter perrenlicular to the direction of the ¥ ~ray beam, For a cylindrical
counter with jte axie cerpendicnlar to the direction of incidence, this factor is
T . Fipure 1 rives the calculated yield as a function of energy f@r a cyl@ndrica)
couontar with coorer and biamutn wallas under the cenditione 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 asaumption of comnplete scattering i{s very crude and the reasen
why it leads to results in fairly pood apreeimnent with the exverimental facts is that
it does 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
orfentations to the incident ¥ -rays, as is true in most practical eases,

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

A completely theoretical determination of the yield for a parallel plate
lead ccunter was attemoted at Los Alamos, but these calculations apply to energies
hipher 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 processes, Moreover, it wxas
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Fioure 1

“eunting vield M of eviindrica counters with hismuth and
coorer walls ae 8 funstion of ¢ -ray anerpgy.
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aasumed that al]]l secondary electrons are produced in the forward dirsctisn. The
energy loms of electrons by jonization and radjation, as wel)l az their scattlering
hy rmelear co]]is!gu, wos taken into account, Pair nroduction by the secondary
nhotons was neglected, The resnlts are surmarizged in Takle 12,7-1, which gives
the averave mmmber of electrons emersing from a lead plate of a given thickness
when a vhoton of & given enerrv falls varrendicularly upon it, Where this mmmber
ia srall compered with one, 1t aleo rerresents the yield T a8 defined above; i.e.,

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

12,3 PBRSPOPSE OF aN JNTEGRATING CHAMBER

The intansity of the fonfzatjon current ir an integrating chamber irradinted
with T eorays can “e calenlated accurately only In the cass that the malls and
the pam of the chamber have at least aorroximetely the same atemic rtinber, In this
case tre icnization of the eaz in the sensitive volume of the chamher is the some
ge {f the pas wera surrcunted by more pas of the same rature rether than by the
chambar's wlls, The whole =nergy E of a photon which sufferg an atsorptior or »
scattering vroceez gcas into secondary clectrons or into vrhotere of low energy., 1o
is eventually dissimated over a Af{stance ghort comraved with the wean free puth
of the mrimary ohoton, thareby rroducing E/Wo ion reira, wnhere Wo ims the energy per
‘en oair, Vence, a X =ty flax of n rhotons rer em? will praduce a number
n,u.*/wo jon vairs ver cm3 of the gaa, where i is the total adsorption coefficient
of photons in the ga, Tre jonization current in the chamber, which is here

surposed to he uniformly irradiated throuphout 4ts volure, will then by glven by:
y - E -
I GH/U. -—ﬁ: A (..)

where e ja the charpe of the electron and A the volume of the chamber, 1If & is
measured In electrostatic units, the cuantity e m Eﬂo represants the number of
roantgens rer incident vhoton produced in the gas of the chamber,

Yhen the walls of the chamber are made of a material anpreciably different

in atomic number from the pas, then the ionization cannot be calculated with
APPROVED FOR PUBL1 C RELEASE
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Fammtion 2. An avrroximzte exvrreasion 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 Talling cn the chamher, 7 is the rield as defined above and (V)av. is the
sverage mmber of ion mirs rroduced by eact secondarv slsciron in the chamber, The

fenizatinn current 43 then given by the equation:
- B
1 e N n (‘V)!v‘ (3)

T™e walus of (- \av, may be computed from the specifice fonization of the secondary
slectrora snd from their average math length in the chamher, JTn the computation
of the Intter guantity one muat take into account the detour factor: 1.s8., the
{ncreame In math lenpth crused hy multinle scattering (ses, for instance, H, B, der
Themica, 22,2, ro, 26.28), Tt may be noted that when the detour factor is small
and whon tha rresgurs in the chamher ip sufficlently low, sc that the range of the
gecondary electrons {m Tarpge commred with the linesr Jdimenszions of thae chamber,
(V)“. is rractieslly inderendent of energy. Fence, the ionization current in the
chamher shows the sawe Asvendence on the ¥ -iuy enercy as the yisld N of a counter
with the samra w1l mnterial,

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

wriahle dnteneitv has teen dtecunced in detail In Section 10,4, It has been
ehown there that tre tetal Jonizaticn current followe faithfully the wariations
of intanaity of the joniging rmif{atien only If these varintions are comparetively
alow; rore nracisaly, if the time Auring which an aprreciable variation takes
rlage 42 Yenpg commred with the time of cellection of ions, In the case of variations
which take rlace in tirmes shert commared wit! the tire of collectinn of ifons,
howsver, conly the electron current follows the changes of ;.}se ionizing radimtion,
while tha intanaity o 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

rontaminmtion of tre eas, which may lead to electron gttachment, gsealiig waxes and
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orgunic insulators must be svoided in the chamber construction.
The relation between the observed output voltage and the number of ion puirs

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

Vo (t) = e f N(t - tq2 X (ty) dvy (4)

o}

where >((t) represents the transient response of the detecting equipment including
both the ionizaticn chumber .nd the amplifier. The function cun be determined by

mesns of a pulsed X-rdy source, 13 described in 3Section 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 cc¢nsists of un argon -~ COQ ] xture
(generally 96 per cent urgon, 4 per cent COQ) at a total pressure of about 4.5
atnospheres. It %as found that a4 sufficient purity of the gas can be achieved by
keeping the chasber under vacuum for abcut 12 hours, filling it with the appropriste
argcn—CO2 mixture through a dry ice trap and then letting the gas circulate through
a calciuw 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 i3 capuole of hundling eipht chambers simultaneously,
is shown in Figure 3. Ususlly in the chambers thus prepired, no appreciable
electron sttachment can be detected even after several menths, The volume of the

chamber is 1410 cma.

The capicity of the collecting electrode is 12.7 micromicrofarad,
The chamber is normally operated at —=2000 volts. Saturution is reached at asbout

~400 volts, and with 1 gram of radium at 1 meter distance, the saturation current

was fgund to be approximately 6 x 1w amperes, The chamber was primarily

designed for measuring rapid variations of the ¥'-rgy intensity, but it wuas also

widely used for static measureamnts.

For a cylindrical geocmetry and under the .ssumption that no negative ionz are

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

APPROVED FOR PUBLI C RELEASE



APPROVED FOR PUBLI C RELEASE

M
L.

Figure 2

Cylindrical ¥-Ray ionization Chamber (see Section 4)

(1)
(3)

(4)

(5)

(8)

and (2) Brass end pieces

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

0.025* diameter kovar wire; it represents the collecting electrode
ard has an 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 chazter 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) Couplings for connesting the chamber to the filling
dystenm,

(9) and (1) Needle valves

(12) Male amphenocl 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
elesctrode (5) and to ground.
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Figure 3
Hot ecalciva purifier
(1) Stmel end plate
(2) Steel flange .
(3}, (4} Brass cylindrical sections, 1/8" wall
(5) Brass rings, 1/4" thickneas
(6) Steel cylinder, 1/8" wall
(7) Gasket made of 1/32" corper sheet
(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 eleament (about 3CC watts power) {8 wound 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 asasembly formed by the steel

rod (2) and the baskets (), The comnnection tu the puap

i8 made by means of a 1" cogper tube scléered to the bhrass
cylinder (i), All joints are hard soldered.
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L

1,571 2 1 - ~L7—2 Tos o7a (5)

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

a negative potential with respect to the collecting electrcde. For ths chamber under
consideration, Equatien 5 gives I "/I_ 2 0.886.

Experiments were carried out to check the theoretical vslue of ths electron
~urrent and also to determine the transient response of the ionlzaticn 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 tyre described
gave values of Io'/‘I° which were usually within 1 or 2 per cent of the theoretical
value, indicating the absence of any appreciable elsctron attachment,

The transient response of the chamber is illustrated in Figure 4. The curve
marked I'/lo 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 radiation., This curve was cslculated under the sssumption that the elactrones
in ths chempter have a constent, drift velocity equal to 4 x 106 centimeterse per
secord, The curve marked I*ro gives the internsity of the pusitive lon current in
terms of Io calculated by assunirg a drift velocity rroportional to the electric
fielé strength, The curve marked V/RIo gives the voltage drop across the leak
rasieter R ir terme of RIo calculated by neglecting the contribution of the positive
jon current whick can be considered as constant during the time of collection of
the electrens, This curve was calculated by using a value of C.4€ mlcrcsecondes for
the product KC of this resisiance 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 twrace., The

agreepent with ke calculated curve is very satisfectery, It appesrs from Figure 4

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

liespense of the cylindricni ionizetion chamber (repreasented
in Figura 2) to a sudder interrupticn of & corstsnt source of
jonization, :

I‘-
14

1.

X

;' electren current (ecalculated)

preitive fen current (calculated)
tetal ipitial currert

: veltege dror across the leakr resittor K caused by the

clectron curvent {calc:lated for RC 2 C.48 microsesond)
Exrerimental values . of V,

APPROVED FOR PUBLI C RELEASE




NI L4 T ., SONODISITTIN SINEND TH/A NV °I/T . SANODISOYIIW

gl o'l
~2] |

- T
- ’xl I/

X

~ -

— . 3 OH\TH

o)

v-

°I14/A /

APPROVED FOR PUBLI C RELEASE

)

©
APPROVED FOR PUBLI C RELEASE

Can



APPROVED FOR PUBLI C RELEASE

variations of ¥ -rsy inlensity taking rlace in times cf the order of several

microseconde,

o~ ——

Figure & shows the consiruction of an icnization chamber which was used fox
reasuring the time dercndence of the intersity of very fast x-rsy prlaes. Ouly
metal, porcelain and glese are in contect with the gas, The seal between the bettum
rlate and the case is wede gas tight by means of a8 copper gssket. in crder to
increase the sensttivity, the electrode aesembly'consista of five circulsar alumirum
discs connected alterrately so thal disis (2) and (4) form'the collecting electrode,
vhile discs (1), (3) and (%) form the high vcltege electrcde. The gas filling
coneisie of an #roon - CCE mixture (90 psr cent argen, 10 jer cent CCZ) at a tctal
rressure of 100 €m Lig, The gas is purifited by elrculation cver hot ouictut,

The chaml-er i¢ normai.y orersted at 20X volts. Under these cenditicns the
drift velocity of electrons in the ergen - GQ} mirture 18 higher tnan % x 106
centimeters ter secerd, Sinrme the gseparation of the electrceles ie 1 cantineter., the
resolving time of the charber may be estimated to he less thar .2 micresecornd,

This chamber ls tnerefcre considerebly fagster than the cylindrice}l chamter Sescribed
in Section L. This is cue to the unifornly high {ielé previded by the parallel
plate arrangerent ard to the small spéciug cof the electrodes. In Figure 6 twe
oscilloscore records obtained with 370 kilovclt X-ray puises are reproduced, as

an example cf 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

ior the study of ¥-ray rulses produced by a Letatron, Ite conetruction is shoer

in Figure 7.

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

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

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

¥ultipje Plate X-Ray Ionfzaticn Chamber,

\1,3,5%)

te,n)

i 12)
{13)
(14)
(1%)
(16)

(18]

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

high voltage electrcde., They are connected by 3 threaded
stems with trass spacers. These sters, ¢f which two ere
shown in the cdrawing {€ ari 7) , are flaced near the esge of
the disce, at an angular distance of 1209, Tac of the stevs
are supported hy percelair insulaterr (8), one bty the center
piece cf a kovar-glasa sesl (9), which provides electrical
cenrection to the high veltege electrode, Discs 1 and 3 have
central holes 5/8" in dismeter tc permit the rassage cf the
etem (1C) supperting disce 2 and 4.

Mural disce, 1 mm thick, 3 1/2* in diameter, forming the
~ollectirg electrcde. They are surpcrted by a centrsl
threzded sten wltr Lrase esracer (ICS. This atex termirates

in the centsr piece of a kcvar glass seal (11}, which rrovidee
clectricel coenraction te the coilesting elestrcde, The (wo
diacs have notchies t¢ aveid ccnlacte with the stems suppcrtins
the discs 1, 3, 5, (see dotsil 4),

Steel cylirder, '137/32" wall

Steel tlats, -, 4" thick

Base ateel plate 14" thiek, suvporting tre electrode asee.iiis
Steel flapge, 1/4" thick,

Commectien for pressure gauge

Oue of the twc gas inleta
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Figure €

Osctlivesdpe records of twe xeruy vulses {rom a tuhe
crerated Ly a 370 kilovolt Restinghouse inmpluse genreratwr,
Total duration of the swecrs: 4.4 microsecends, X-ray
tube 21 feet from the fonization chanbter,

.
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Flgure 7

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

(1)
(2)
£1)
4.5)

o

(7

(&)

(@)
2)

Brevs cylinder 1" o0.,d., C.025" wmll.

Kovar giass seal

Frass cylinder 1" o.d., 0.010% wall

Brase end rlstes

lLead disus 0,0LC" thick,N,9" in diameter, suyrrorted at the
eCges by 3 brass stems 0,047" ip dianmeter and eilectrically
vonnected to the cuter brass csse. 7Twc of the mteuws are
showu in the Srawing (1C). Theee disce have a cerntial hale
€.350" in diameter t¢ rermit the passagpe of ke rod (11)
waich is part cof the cellecting electrode,

Lead discs, 0.04C" thick,0,5" in dismeter, sujported bty Ue
cer.tral bress rod (11) and foru.ing Lhe cellecting electrocde,

Cornercial Kovar glass sesl. Tre kovar tube at the certer

' the seal suprerts the rod (1) bearing the ccllecting
:iates,

Shield for iead to lhe ccllecting electroca,

Gas outiet
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The brass cylincder which forms the cuter case is kept at high voltage while the }

braes cylirder marked (3) is grcunded. The chsmber is filled with a mixture of 99
per ceunt argon, 5 rer cent C0,, the srgcn being puriflied by circulation over hot ‘
caleium before beirg admitted inte the chamber. The total gas pressure is approximateﬂ

1] atrcspheres, The chamber 1s cperatsd at 27(0 volts,

12,7 _ GEMNA=FAY JCMIZATICN CHAMSER KITH GAS BULTIilICATION,

This charmber (ses Figure 8) was ireigred f(r measuremente of ¥ -ray pulses of

low inteneity, Jts conatruction resembles that of the multiple wire preportionel
cranter deecritfd in Jecticn 11.7. The high voltage electrode consiste of a set

of lead plates. The cczllecting ¢lectrcde conaists of a set of btrass diaprragma with
cireunlar noles, Acrcss each hole, turese tnin sieel airec are stretcehed at whose
turfaces as multijlication takes ylace, The fonization curient ccriesnanding to s
piven intensity of radiation is eulsnced Loth Ly the gas nultiplicatien arnd Ly the
muitiple electrode arrangement, The chamber is filied at 2 atmospteres with a
mizture of £C per cernt argon, 2C per cert methane, Voltages up te 400C volte carn

be ured, rFiving a gas nuitivlicaticon up to 4C0. Because of the pecullar trarsient
reeponie of chambers with gas multiplicativn (see Secticn 11,3), the current will
net follow (aithfully rapid weriatione ¢f the X «ray intensity. Therefore the most
ugeful applicaticn of the cranbler descrited alcve is ir coenjurcticn with ar integrating

circuit fer the measvremert of the integrated intensity of a X -ray nulse,

425 GRJGER-MUBLLER COUNTERS
Figuce G shows the constructicn of a thin walled Gelger-kusller counter cesigned
8t the Metallin'g'.'.ml Iaberatory for use a8 & (3 =ray Aetector. The cylincer (4)
is machined from a solld Jdural rod to a wall thickness of OC4L" to .OCS". The
5 -ray sowrce i8 usuwally in the fors of a foll which is srapred around the cyliucder.
For wary purroses it is important that the wall thickiess be uniferm so a5 to insure

uni forna: absorrlion of the > -rayé. uniformity of wall thickness wiil also rrevent

We cylinder frem cellepsing when it §8 ovacuated. The counter ig assextled ir. the
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Figure 8

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

(1) Pra=s tu'» 2 34" o0.d., 0. 065" w1l
(2} Brass erd plste 1/4" thick,
{3) Brass end plate i/4+ thick

{4) brass flange .

(&) Fuce wire pasket:

(€) Tead 2lates o . OL3" thick, They are supjorted ty two
steel rods with brase spsceras of which are fe shomn in
the disgrar $7}).1 Theae plates form the high veltage
electrcde, '

\t) brass Sarnkracrs sith circular holes aw 8- wi In detail i
tne gserticn A=A, Three C.C03" steel sireg are stret. rned nsroas tie
orenirg /4" apart, The dierhragws ars suprorted by <z~ steel
rodas with kress spacers 4 5j, These Ainrlragme form the
coliecting electrede,

F10,11)  Fereeladn trnsulat rs surrerving the hiph voltape wliectrcile
w0 tne sollecting electrods, resrectively, Thney are heid

’

opepilion Gy retal atuds on the end jlate ().

112,23} Torceiain insulalors sutiorting the npiga vultage ele:t:cde
nnG the ccllectirig cicctre’e. resuectivel:y, They are
faatened witr. screa: to the em? plae (3).

114,16 Kowmreglasa zeals rroviding electrica) conrectiorn to the
high voitage electrode ard to the ccllectiig electrode
rarfectively.

{15) Gas inlet,
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Fipgure %
Beta =y ccuntar (see Section &)

"A) Dural cyliwmler, CT.CC4" to C.0CS" 3l tilorness. It
forxa the high voltage electrode,

18} Brass aollar '
i.j Braas end nriate
ID)  lNeoprene gaaket

} Glaes-kowur spal

fed]

(
(F. Gss inlast '

\3) turex insulator
thl  brenze s;ricage oip

‘1) Laover wire O.005% ijameter,
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following wey. Firet the glaee-kcwar sl (E) 18 ecidered into the brass cap (Ci.
The central wirs asrenbly, irclucing the ryiex end (L), ie pacde and ipserted intc the
brenze sering clip (H). This unit ie tner inserte’ into the dural tube (A) sc that
tre ends cf the spring fit into the groové cut 1n (A), The dural tube (A) is-then
clamped to the cap (C) by heans oflthe fsllar {B), the scvar wire protruding through
the open end of (E}), The uneoprere gaskel {D) meyv be nade of ore piece or from s
square atriy of neoprene if the ends sre carefully fitted together, Firelly, the
cenlral wirs, 0,. 5" tﬁiok, ie stxetcheé zzﬁgg; 2:d the kower wire at the end is
sealed o the‘glass erxd ¢f (E). The deelired teyalon Qn the wire pay be obtaired
by clamping the counter in = vertina;.pngitiun and henging a weight on the end of
the wire, The counter is usually filled with a pixture of etlyl nlschol vaper
(1 om Hg prgssure) and of arger (@ ow iy précsure). With thils mixture, it operates
as 8 seif quenchirg éounter. It oriinarilf has.a thrasrold veltays of abiout 5C0 volte
In the best counters, the ccﬁntlng rate ét tse piatsan frcreaces ty 2 rer cent when
the voltage is increased by 16C volts.

Figure 10 represents a brass walled GelgereMuslier counter uf simple Jesign
used in £he Los Alamos laboratory as a ¥F-pruy detector. The gas filling is the
szme as in Lh& > -ray countér shown in Figure 9, namely 9 centimeters argon and 1

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

from the figure,

12,9 MIcA EDNUR GEISER-KULLLER GOUNTAR

Figure 11 shows the construction of & mica windes B -ray counter. The countser
is prepared snd assembied in the fcllowing way, |

The copper cylinder is first washed wlth 5N nitric acld, then rinsed in
alstilled water and dried in the oven xt 307 C for about i5 minutes, Then the
eylinder is oxidized on the inside by mcunting it cn tor of a test tubs contalning

Fb (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 purcgie-browsn cecat,

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) Glass insulator

(L) Kovar-glass seal
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Figure 11

Mica window (> -ray counter 3see Section 9)

(1)
(2)
{4)

(6)
(7)
(&)
(9)

Coprer cylinder 1 1/;,7 c.d4., 1/32" wall.
Coprer flange, 1/16" thick,

Pyrex glass riece, senled to the ccpper tute with
Dulont high temperature melting wax,

Fyrex bead, about 0.020" Jiametsr
¥ica shaot 3 te 5 mg/en” .
Brass ring

Stop éeck,
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heated gantly and & ring of high temperature melting DuFont "rarloun” wax ls
depuaites abeut two-thirds of the way t:ward the cuter edpa. Tue aica i3 placed
on a trass plste, which is uniformly lLieated electrically. The copper cylinder
is aset cn the mica shest and the brass piate {5 kept at a kigh temperature while
the wax flows evenly as far as the oute; edge of the flarge, The trass ing (8)
is aleo placed ¢n the het Lrass rplate and covered with wax, The cylinder with Lhe
" mics window i3 placzed on top of the ring and allowed to cool slowly.

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

velts,

For some special cxpeyimenta] jurpeses a simple ¥ wrey detsctor was designed
wnich anawers the fcllowirg rejuirementa: (a) it has a very small active area; (b) it
el be prulsed (1,e,. it car te rade sensitive for short predetermined time intervals
of the zrler of 10C microsecends); (¢ it provides a sufficliently largs cutput
rulse to crerate recorders withcut peed of furtrer amplification, even through
long cadlea,

The principie adopted in the design of the detector is based upon tha fact
that if one taimep the voliage across a apark gap somewhat above the soe-calied
ararking potentisl, no discharge gctaally occurs unless slectrona are present
hetween the electrodes,

Ire cetector resembles physically a small Gelger-iueller .sountar, 1t is
operated with argen filling near atmospheric pressure, A Qiresct current voltage
helow the sparking potential, applied beuseen cylinier and wire, removes rapidly
whatever alectrong are liberated iun the counter by ccsmic rays or loeal radﬂoactivi;y.

The voltape in raised abuve the sparking voterntial during the appropriate
time interval br superirposing a spuare voltrge pulse on the direct currént voltage,

1f, durirg tris tise, electruna arpest in the counter, they are secelorated toward

tom wire and {nltiate a dlacharpe, Iositive fcns will Lot ;ive Tise to a cdisvharge
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unless they liberate electrons by striking the cathode, a process which ieg usually

' very urlikely. It follews that a discharge will cccur only if an ionizing particle
traverses Llhe counter during a time which coincides approximately with the duretion
of the sguare voliage pulse. (The sensitive time does not coincldé exactly with
the duration of the pulse because of the finite transit tirme of electroms in the
counter, )

The design of the counters is affected by the requirement that it should
be pcssible to assemble units containing a large nunber of closely areced individual
countera., The Jesign adonted is shewn: in Figure 12, The sounter wall is « platinmm
cyilinder of 0.,125" irelide dlumeter, and $.005" wall thickness., The wire is made
of tungsten and is 0.N05" i1 diaxeier., It is suprorted by lucite cape, which are
shaped 85 auz te increass the lisakage yath along tis insulating surfuce, The
individual ccunter tuves wmere mcunted between two lucite bars, with a spacing of
1,155 betwesn the azes of neighboring counters,

Tne unil wes assenblied t, first €}idirng the riatinum tubes into holes previded
in the btars, The wire wus then connected ¢ the spring and threaded through the
hole of the cap (A). The free ¢ad of the wire was peseed through the platimue
cylinder and fnte the second eap (B}, Aftor the caps were in position, the wire
was stretched and spoltwelded tc a stajnlasse-stael tadb fnserted in a zlot of the
cap {B).

The unit was wcunted 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
lucite plate, The counter cyliinde~s weors all coonected 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 reroving impurities from the argon filling,
. The filling prccedure xas as fcllows: The unit was first connected to a

vacuum system and evacuated to a pressurs of abcut 10”7 centimeters Hg for seversl

howrg,  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 i),
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Figure 13

Jrtt of fifty pul=ed T -ray counters,
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wvas thorouglly outgaseed, Argcn was then adzitted throv 1 a CO:{ ice trap to a
pressure of several centimeters of hg, A glow discharge was maassed through- each
of the counters for asaveral minutes by means «f a spark tester. The uvunit was
evacurted again, ard finally filled with argon to a pressure of 59 centimeters of
Hg.

Thne electronic squipment used for testing the counters described above is
scnexpntically represented by the block diagram in Figure 14,

The pulser produces a square wave voltage of 450 velts in amplitude witu &
repetition rate of six rer second, The #idth of the squars wave csn be varied
frem 20 to Z0C microsecon’®;, Tris square wave is added Ly means of an RT ccunling
astwork to the base voltage applied Lo the ccunter cylinder. The counter wire is
connected to ground _t,’nrcugh a potentisl divider. When the counter discharges, a
pulse of the order of 10CO volts aprears at the wire,and a pulse of the order of
5) volts appesrs at the point A of the potential divider, '

Tre pulee at point A is sufficient to trigger a univibrator ériving a messaze
regigter, In order to observe the pulse shape, oune. of the vertical deflecting
plates of a cathode ray tube may be connected to point A, A statlonary pattern
o the acopes ig obtuired by using a sweep triggered by the pﬁleer.

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
direact 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 cf abcut 60 volts, The counting rate
then renains fairly constant over a platesau of 200 io 250 volts width, then starts
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 is apprecisbly above normal,
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F{gure 14

venematic diagram of the arrangemnant used fur testing
the rulsed countsia.
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Figure 15

'ounting rate as n function of the D.C. voltage for a
ruleesd ccunter. The sguare pulses which cdetermine

the sensitive reriod hnd a duration of 15C ricroaseconds arnd
an ampiitude cf L5C volts,
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It is obviously desiratle that all the ccunters of a wnit have closely the
sams characteristics sc¢ that they can be operated from the seme direct current
supply. Figuie i6 Qﬁows threshold voltage and breakdown voltage for the fifty
fniividual) 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 probatility for a spontanecus count to be recorded when the counter is rulsed
amounts tc 1/36C0. This background is aw??!ciehtly small for all practical purposes,
although it seems toc 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 ard found to be of -
the order of 2 per cent., This is close to the value which can be expected if all
of the secondary slectrons penetrating the tube give riss to a discharge.

It may be mentioned that pulsed counters can be made with metals other than
platinum for the counter wall (for instance brass or steel) and with air instead of
argon as a.gas f1iling, However, in these counters the background sas found to be
sbnormally large and moreover depandent on the past history of the counter, High
counting rates were recorded immediateiy after the removal 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 be 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

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