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A simple method for calculating the shaps of electrical pulses induced in -

ABSTRACT

ion chambers by the collection of single ion tracks will be established; then this
From

method will be applied to plamne, cylindrical and spheriecal chember geometries.

the results cbtained, the proper use of these various chambers will become clear and

some new methods of application willlsuggest thomselves.
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THEORY OF ION CBAMBERS

Cousider the general ion chamber ms consisting of a high-voltage electrode,
a colleoting electrode and a guard ring. A fixed potential, V, is applied bstween
the first and last of these electrodes. The collecting electrode is connected to the
guard ring through a resistance, R, which is large enough 80 that its time constant,
RC, where C is its capacity, is long compared to the transit time for ions crossing
the chamber, The signal obtained on the colleoting electrode is applied to the grid
of an amplifier tube either directly or through a condenser,

The problem is to calculate the potential change, 4V, induced in the col-
lecting electrode by a system of charges between the electrodes, This is done by
solving Laplace's équation for three auxilliary problems such that their sum is a
solution of the problem at hand.

Let A be the potential function for the chamber system when no charges are
present between the electrodes and when the flqating electrode has its normal poten-
tial, Let B be the function describing the systom with the elsctrodes grounded, but
after a system of charges has been introduced between them. These clarges will ine
duce a charge, =q, @a the flcating slectrode, Let C be the soluticn of'the situation
when the electrode ias floating, both scurces of potential are grounded; no charges
are botwaen the plates, but a charge, +q, is placed onm the floating electrode, which
puts this at a potential AV =g/C. Then A+B4C is the potential function which is the
solution to the problem in question; namely, with charges introduccd in the chanber
and the floating slectrode free, A takes oare of the charge distributions present

at equilibrium, B+C guarantees that the introductien of charges into the chamber has

not changed the charge on the floating electrode. A+R+C puts all ocloctrodes of fixed
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potential at their proper values, Hence all boundary conditions are satisfied and
since A+B+C is a solution of Laplace’s equation, it is the only solution. This lead
to tha ‘“heorem:; the introduction of a system of charges between the electrodes of ar
ion chamber induces a ohange in potentisl of the floating electrode given by

Av = ofc .
where =q is the image charge that would be induged oan this electrode if it were
grounded.

This theorem is o especial value when the chamber has plane, cylindrical
or spherical symmetry and when there are ne edge effects; i.e., when the electrodes
ere infinite Coaxiasl cylinders or concentric spheree. In this vase there is no guard
ring. 1In practice, large planes or long cylinders of swall separation will approxi-
mate these conditions quite well ifwone of ﬁhe ions are near the edges, Undef these
oonditiens this theorem is used to rsduce the calculation of AV to a one-dimensional

problem.,

Plane Parallel Chamber Neglecting FRdge Etreste. A) Pulee Shape From A Single Jon Pair

Let the measure of distances from the collecting eleotrode of a plane
parallel chamber be Z. Let 4 be the plate eepafétion and A the collector ares, If »
ion peir is introduced at coordinates Z,, Z_, the potential induced on the collecting
electrode is independent Of their x,y coordinates unless one approaches the edges so
that some charge bsgins tq appsar on the guard ring, Hence for convonianqe wWa may re

place the point charges s and ~e by uniform planes of charge at ZeZ, and ZaZ_ with
chargs densities +0/4 end quA respoctivelys Now wo may compute AV as ths change in
:: B, dZo B, is changed only between Z=Z, and % =%_ where it is less by the amount

Lffo/a. Honce AV = (4we/A)(Z_-%,). But besause of the cepacity of the collecting

%
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electrode, external to that with respect to the high=voltage electrode, its poten-
tial change is reduced by the ratio of the proper chamber capacity to the total
capacity so that AV is actuslly given by AV= e(Z;»Z*,)/dc. With this relation the
pulae.shape caused by collection of a singls ion pair is reédily obtained. Let the
mobilities of the electron and positive ion be K_ and K, respsctively. Then
dz_/dt=- E_ V/d and d5,/dt=K, V/d so that AV= ~ (eV/cd%)(K+Ee)t initially. But
when one of the particles has been collected (in general, the clectron) the behavior
is given by

A= = (efdC) {z@ + (v/3) K, t}
if the high voltage electrode is negative and

& = (efac) {(aez )+ (v/) 5, 4]
if if is positive. It is clear that the direotion of the field makes no essentisal
difference in the chamber's behavior. The finel value of AV when both paitioles are
collected is AV =e/C the sign depending on this direotion. The whole behavior is
given in Fig. 1. The collsction time for the electrom is Z_d/K.V and for the posie

tive ion Z,8/K,V.

L

t—
Fig. 1

B) Pulse Shape Fram An Ion Track

The potential change of the collector caused by an entire ion track is

" given by adding the effects caused by individual ion psire. Initlally then

APPROVED FOR PUBLI C RELEASE




APPROVED FOR PUBLI C RELEASE

-be

INEES (naV/Cd'?)(K*d-K,)t. Ae particles ere removed from the motion this expression
alters until fipally AV =« ne/c so that AV gives a measure of the number of ion pairs
in the track. Becausse the track will be linear 3n the absence of a magnetie fisld we
can give 4V more preclsely. Suppose the track has a range R¢d and enters the chame
ber from the high voltage eleotrode making an angle 6 with the normal to the plates.
Suppose that the density of ionization along the track is distributed according to
some law P =Po [(d.-z)/oo:s 0]o We my neglect the effect of the moving positive ions
for short times sivce their velooity is relatively slow, i.e., K*« K_. Then up to a
time d(d=R cos 6)/K_Vz#,

AV z - (neV/oa®)K.
‘From then on the number of elecdtrons in motion is given by

- d co t-
J‘R (R.V/d cos 8)(t=ty) o) af

Q
The number collegted by time t2.%) is

p(d) ol

Ea (K.V/d 608 8)(t~ty)
p is adjusted so that r Pdl:no Therefore
o

n

R
Av= - d -l cos o]ad
Y (o/64) JR= (E=V/d cos 8)(t=ty) 9&)[(1 Ol

”R- B.V/d cos @) (tety)
< (ovsei?y | (=4 pUl) AL E.b

Jo
When all electrons are collected the value 1is

R
Av = (e/cd) p()fa - Lcos 0] al
° :

These eoxproessions do not yleld much of walue until wo differentiate them. Then we

obtain at first [d(AV)/dt]t <ty =" (nav/cda)x. so that the inAtial rise is always pro-
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portional to the number’ of idn pairs present. Later on the shape is given by

R= {(E.V/4 cos 0){t-t,)
E(AV)/dt] oty =" (ev/ca®)K. f Y o8 oL

o

i.0., is givon by the number of electrons still in motion., In particular if the

ionization is uniform, i.0., p= n/R then

]

d(AV)/at = - (noV/Cao)K, {} = (E_V/dR cos e)(fr-tx)}

= ~ (nav/Ca%)(K_/R cos €) 14 - (¥.v/a) f:}
5till neglecting positive ion motjon, we see that the final value of

d(AV)/dt is zero. The case of uniform ionjization is illustrated in Fig. 2

. . nevVi.
d v ’ [J
di : N 0a*
]
T RNV
o]
L DY
FiSo a

It is interesting to caloulate da(AV)/dtzo It is initially vory large
while the track electrons ere getting into a steady drift motiom sinco this ie a
vory short time. During the time %y, it vanishes; Between the tlmes t;, and

t =d2/K°V it has tho wvalue
2 2
a {Av v
(dv) | _ov K P{ A (tatl)}

dtz cd3 cos © d cos @

The bshavior for 9 congtant is shown in Fig. 3.
These considerations have led to sug- | T
2
d~(av)
gesting a new way of measuring total ionization 'dtz )

in a ‘track; neamely by differentiating the pulse. =

Let us tonsider this in more detail. JIf the r.tl..)

pulse is first 'amplii‘ied and then differentinted . | SN

- Fig. 3
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the resulting pulse will be above the noise ievel of further amplifying stages that
are required, An RC differenxidting circuit responds to a voltage VzXkt with an out-
put .
V= kRC [1 - ,et/nc}

Therefore not only must the smplifier be fast compared to the duration of the slope
to be measured but also the RC of the differentiating oircuit must be small in order
for it to respond fully. The easiest thing t6 do is to use a gas where the slectrons
are collected somowhat slowly such as pure argon. Here collection times are of the
order of a microsecond. By using a decper chambor this can be inoreased if all
tracks are kept away from the positive electrode. Amplifiers with rise times ef .06
pseconds are available. This makes the schems seem feasible. The loss of pulse
height in the differentiating circuit is of the order Rc/% where ¢ is the electron
collection tims. If this is 005 and the original signal to mnoise ratio obtainable was
100 to 1 {low capacity chamber imput and triode first amplifier tubs) it wil} end up
as porhaps 10 or 20 to 1, adequate for measurements which do not rsquire more pre-
cision than this.

One drawbaok to this schemo is the more serious edge effects. In the posi-
tive ion and electron collection scheme the pulse height caused by a single ion palr
is everywhere the saeme, oven at the edges of the colleoting electrode.

The question arises as to the effect of

the differentiating scheme of collecting ions near

the adge of a plate. Consider a rectangulsar ool= X
lsoting plate. A point charge near the esdge may bo 4
replaced by & line charge parallel to the odgse. We Fig. b

extend the lsngth of plate and line so thet the problem beocomes two-dimensional,

APPROVED FOR PUBLI C RELEASE



APPROVED FOR PUBLI C RELEASE

Now we may use the method of images, replacing the line charge by two grids of
parallel line charges. Al the collector plate, the x components of field cancel.

The y component is of the form

_ __(2l/a) p sin (2fy/a)
¥ 7 cosh (2Tx/a)+cos (21y/s)

where a oquals 2d and y equals (d-s) for one grid and -(d-s) for the other. The

total field is then

_ (26/3) p cin [2n(d=s)/2d]
¥ " cosh (rx/d)+ cos w(d=s)/d

This may also be written as:
By=-2 i (bm/2d)(-1)" ein [ﬂh(dns)/d] e-ﬂh‘x'/d
0=

Row at the surface of tho plate, Ey L} o. The total charge not induced on the cole

lector is;
=X
qéj * (By/lr) ax
~00
if the odge of the collector has coordinate -x. This is:
©
92 (1/m)(~1)" sin [t\"n(dus)/d] e"‘fn! =| /4
nzl
Now
(-1)® on {ﬂ‘n(d-a)/d] = («1)® sin (M- Ths/d)
( 1) |sin ™ cos fThs/d ~ cos Fh sin fns/d] = gin Tns/d
Hence this bacomss

Pi (/) sin (Fns/d) ~Tas/d
nsl

Now o is the charge per unit length of thes wires. Our problem is to determine the
initial dav/dt = (1/C) dg/dt = (1/C)(dg/dy) dy/dt. Since dy/dt is constant we only
heve Lo investigate variations in dg/dy. The following table gives the ratio of

dg/dy for ions at points noar the edge relative to dg/dy for an ion far from the edgo.
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distance from

distance collector

from edge 0 d/2 a
0 05 05 05
a/2 1.26 96 .| .83
d .05 1.00 «95

ItV may be seen that near the edge, theo slope dv/dt will be too small when the elec=
. tron is far from the colloctor and too largﬁ when the electron is too cloge. GOver
the bulk of the intermediate region, conditions are much better. Nevertheless, one
must exclude a region of width 4 from the sdge, from giving an accurate measurement
of the mumber of ion pairs. For circular plates collector radius R, the ratio of
bad to total volumes is 2d/R, calling for a large R/d for accurate work.

It was shown that if second derivatives of the pulses could bz taken slec-
tronically very sharp spikes would result from each pulse, followed by relatively
weak back waven. These pulses would be nearly instantanoous with the formation of
the track and give very high pulge resolution and very accurate time location for
coincidence work., Actually this does not look as promising becsuse as mentioned be-
fore the output of the first differentieting circuit rises with its RC, and is in
fact d(Av)/at = - (neV/CdQ) K_ RC[lv e"t{./Rc}. The second derivative in reality be
comos o

a2(Av)/at? = - (nev/ed®) K_ t e=t/RC
if the second differentiating circuit has the same RC as the first. This has o
maximum value et t equals BC ard this wvalue is

[dz(AV) /dte] tegC * (nev/ca?) K_ RC/e
whore e = slectronic charge, e = transcendsental number, and now r = range of particle.
Compared to the back kick eV K°2 n(RC)2/ca? cos 6r. The relative heights are about

20 to 1, for RC oquals ’..’Oxd2 ¥V as chosen. The spike is a factor e closezi to noise,

th is probab e ch:
° back kick is probably JA8% MAd%sBLI C RELEAS
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The point is, however, that if a fast collecting gas is used and single

differentiation employed just as fast a pulse results.

Cylindrical Ion Chamber

Let the radii of the two coaxial electrodes of a lomg oylindrical ion
chamber be a and b respectively with bya. Let a potentiél V be used for ion collec-
tion. What is the pulse shape caused by the production of an iom pair at r equals
r,? In this problem we may smear the point charges over a cylinder of radius r
equals r . One cylinder, usually the negative one, will move towards the inner elec-
trode, the other towards the ocuter., The change in potential of the colleoting elec-
trode is given by integrating the field botwsen the two cylinders of charge and then
taking into account the reduction of potential change caused by capacity of the
chember external %o itself, just as in the case of the parallel plane chambers. The

result is

8V = (o/c) Lulrpfe) [ fulofa)
where ry and r_, are the radii of the + and - charges respectively. Again when both
particles have been collected AV = o/C,

Suppose again K, and E_ are the electron and positive ion mobilities.

Then
dr. v 1 dr v 1
—t. —— Rl -~ I . S L S
at K b{bfa) r, at “ @{bfe) r_
and
e 2 v 2 2 _ v
£, " n 2 ——————t r," = r B 2K et
e * L vfe) ° - 2. b/a)
This gives

- o ro2 + 2K, Vt/A{b/a)
¢ Li{b/a) r S - 2K, Vt/bn{b/a)

If the ion pair is not formed too msar the central electrode, the initial effect

Av

will be largely caused by the eleotron or approximately
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e ro
AV = /T ——
G Bu(bfa) ~ Jrol - 2K Vo/Aut/a)
Correspondingly
d(AV) _ o 1. I A ! )

-V
B T CAAR) " Abf) to - B VeGSR | CE(ofe)  T.F

These relations show no simple behavior except that the effect of an elec-
tron AV depends on where it is formed and its effect on 4(AV/dt depends on where it
is. It is clear that most of the effect of a moving charge on AV occurs near the
inner collector, especially if b a. Let us ask vhether we can make the inner col-
lector so small that elsctrons produced in only a relatively small volume of the
chamber give rise to a AV differing appreciably from that caused by electrons moving
all the way mcross the chamber. ‘

The AV arising from a single electron originating at ry is proportional %o
fulro/a). We will ask over what fraction, £, of the volume is la.(ro/a) not within
10% of fuAb/a). This is f:(roe-az)/bz where ro/a.-.-.(b/a)o"g 80 if ba 1024a, £=.25.
This is not very promising. .However things are somewhat bstter if we pose our quese
tion in a more praotical mapner. We must use a chamber for this purpose with an am-
plifier whose long time oonstant is greater than the time for electron traunsit from
b to a. In this tine positive ions formed near the wire, where the electrons alone

have too small an effect, can move enough to contribute to the pulse size. The maxi-

mum elsctron collection time is

2 a2
t = 220 ffbja)

2KV

Positive ions move & distance in this time given by r, ~ r, where

r, = {(b2~ o) (8, /5. + re"’*’}%

So that the total potential change in this time is approximately proportional to

fwe [(b»2 /R +r02)%/a]
L
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For small r, (implying small a) this approaches ,euI{(b/a)(K,._/Ke)%]o Now K_ 100K, so
that thip limiting velue is about .7 fu(b/a)} vhen b equals 1000a. Actually the cir=-
suit responds almost as well for times somewbat longer than € so that conditions are
better than this. Furthermore the number of tracks entirely close to the wire is
small, in general improving conditions even more. Therefore total ionization in a

cyiindrical chamber can be measured fairly well in this simple way.

Spherical Jon Chamber

Let a and b be the radii of the two concentric eleetrodes; This time we
smear the charges of a single ion pair over spherical surfages and handle as before.

If the instantaneous radil of positive and negative charges formed at r, and . snd

r_ then
b=a _
dr! = Ky abV 1 ar. 3K, abvy 1
at bega n#g at b-a r.
3 3 abV 3. .3 aby
r.’ 21"+ 2K, ——t r. 2 r.” » 3k em t
+ ° B beg, o bes
AV = abe 1 1

) (b=a)C [rf- 38, (abV/[v-a]) t]1/5 i} [ro-’7+ 3E,. (abV/[tea]) t]1/5
and from electrons alone’
.2&!11.: - aa}if?ex”v _ 1
at bea) € el
It is5 c¢lear that the most offective region for moving charges is even closer to the

central electrode than in the case of the cylindrical chember. The marximum collec~
tion time is approximately (when b»a)
% = bP(ben)/3eVE,,

In this time positive ions formed near the center collestor have drifted to
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rf = roz’ + (XJKQ) %

’

So that AV is given by

abe i - 1l L
(b=a)C |a rr°9+ (K /K) ~b5]175
This has the fractional value of the maxisum

£ 1{_ [1“ (Ke/x-})l/ ]a

bea

AN = -

If K, = 125K, and b equals 1COa this becomes 96 which is quite good. Hence a time
constant in the amplifier adequate for electron collection gives a very good propor-

tiopality between pulse height and number of ion pairs per track.

5
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