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1. ‘ ’ v ABSTRACT

r T I

Theories of P,S.If‘ groducedfby electrons passing through
gases showfthat-one would ekpéct the numbe: of primary ign-pairs
formed to vary with the electron density in the gas and with the
mean ioniiation potential of the gas, to;#ary inversely as the |
square of the velocity of the electron at low energies reaching
& minimum value approximately at a kinetic energy equal to the
rest energy and to be independent of the sign of the beta particle.
produclng the 1onlzation.

’ It is consquently of interést to obtain measurements of

the P.S.I. of beta particles at energies at whichlit is a.minimum
in verious gases ﬁhich are used for filling counters and ionization
chambers including hydrogen, heliﬁm, neon, Xenon, meﬁhahé, ¢hlorine
end other quenching vapors such as methyl chloride which maynbé-
come of practical concern for counters designed to operate over a
wide temperature range. Present data on PgS.I. of electrons and.
mesons is limited to but few gases and the results are not in good
sccord. As mentioned, the P.S.I. is independent of the sign of the
charge of the ionizing particle and, since all the indirect evidence
and thé principle of éonservation of charge indicates the equality
of the charge on the positron and negetron, it would be expected
that the values of the P.S.I. would be identical for the two part-
icles. However while it is known that the value of e/m for both -
particles is identical to within 27, there is some possible theo-
retical indication that their masses might be slightly different. ‘

*:The primaxry specific ionization will hereafter_be denoted by ?.S.I.
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méreover the only direct estimation of the value of e’ is still
th_e measurement of P.S.I. from the original cloud chamber ob-
aeivation of &a cosmic ,réy positron by Ander.sqnf which. est_ablished
the charge equality of e* and e~ to within 20%. Thus it appeared
of some ;tfundamehta.l importance to compeare withvp:_'ecision the P.S.I.
of "both positive and negative electrons of similar velocities in ‘
e 'se.s of high atomic number such as neon and a gas of low atomiec
number such as helium. |

'Fipa.lly it was hoped that the apparatus set up would be - |
guitable for an ’investigatioh o? the relation between the P.S.I.
and velocity of the electron especially in the rélativiatic'reg-
ion in which the data is very meagre. This will need high en=
ergy beta sources (e.z. B12) which will become aveilsble when
the U.B.C. elec_;trc:ss't.e;l_:ic~ generator is in operation. o | ¢

~ Apparatus has been set ui) to determine the P.S.I. of elec-

trons in various gases by determining the ineff'icienéy'of a
Geiger'counter filled with gas. To eliminate the difficulty of
a varisble path length of the Ia;zrticle through_ the‘ord.inary Cy=-
lindrical counter, rectangt;la.r an;l square fenvelop_evcounters w{utﬁ
| thin windows have been constructed. The presence of a large thin
winddw, even when a conducting 'surfacé, has been found to affect
the' spread of the discharge and results in the app_eara.nce‘o‘f‘ two
size pulses analegous to the effeqt of an insulating bead on the
centre of the wire., Thus, contrary to thé ﬁsual theory of Geiger
operation, it seems that lfhé spreading of the discharge does in-
volve & cathode mechanism in this design.

In order to select beta particles.of homogeneous energy

from the radioactive source, a small wedge shaped magnetic spece-

trograph has been built.
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‘The counter inefficiency is determined by passing the
‘peta particles through the inefficient.counter into a 1007
effic»ienf'counter operating at normel pressures, and recording
the coincidence rate as a fraction of the “efficient counter"
rate. Co°6 was chosen as the most suiteble positron emitter,
and has been prepa:red in the Berkeley c¢yclotron by the Fe’ "’(A 1“\)(4

~ reaction. RsaE has béen used as & negatron emitter.

(| )
-
°

TH.'EORY OF SPECIFIC IONIZATION -
The P,S.I. is defined to be the number of primary ion pairs '
formed per cm. length of track in the gas, reduced to N.T.P. Two.-.
other similar quantities sometimes mea.sured are the tota.i speéific
1onization, i.e., the total numbers of ion pairs (primary, secon-
dexry, tertia.ry, etc.) formed per cm., at N.T.P., and the probable
gspecific ionization; i.e., the number of p:d. mary ion pairs plus-
'the number of secondary ion pairs having a specified upper limit
to their energy which are formed- per cm. at N,T.P.

T J.Thomeon has calculated the energy tra.nsfer Q resulting |
from a oollision of a particle of mass M, kinetic energy T, and
charge ze, and an electron of mass m and charge e, when the elec-

tron suffers & deflection through an angle e. His expression de-
rived claas;cally is

m',‘ Teos™o ' . :
' Cem) | - (See appendix 1.)
The closeness of collision can be specified by the impact parzmeter p:
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Fig.l. Impact Parameter in a Coulomb Field.

From conservation of momentum, it follows that for any P,
. N ‘ -L- - -
cos’e = ( i+ ﬂ; )
ze
z"e")

| 1 ‘}T"‘_‘ Z - .
therefore p = ( 'a,‘ _)(QT' (See a;ppendix 2,)

where ze = charge on the bombarding particle -

v = incident velocity
Tl = (/). T.

An ionizing event requiring an ionization energy W will ocecur
P () =)

whenever P W T
T > W
end if |
o l \Q,_ z"'e_‘f
en o =
, TW

1_\,}53*-;7113 number of electrons which'will be removed from the atoms in -
1 cm. of track (l.e., the P.S.I.) will equal the probsbility that

the ionizing particle will come ﬁithin radius py of any 91-e¢tron,

multiplied by the number of electrons per cc. in the gas; i.'e.,

1,4
000.0000.00'0(1)

PS1. = NZ (“Tz’Vj )




5.

Thomson's formula therefore stipulates that° ' :
(1) For & given incident velocity, P.s.I. is independent of M.
(25 ;P .S.1. is proportional to v B
(3) P.S.I. 18 proportional to z'e! h
‘(4} P.S. I. is independent of the sign of ze.
(5) - PuS.I. is proportionsl to (M/Hp)2 for ionizing particles )
of maesiM selected by their Hp in a.magnetlc momentum anelyser.
The eqnallty of the magnitude of charge on positrons and
negatrons was first establiShed to a rough degree of approximr
ation by Anderson‘by e eemperison of the_specifle ionizations'
of g"and p” of rela.tivia'tic'energiies such as oceur in cosmic -
TEYS. All other evidence fof this equality is essentially: in-
direct and assumes the conservation of charge. The equelityeof
€/m for ﬁ*~and 4~ has been estsblished by Zshn and Speeé’to an
accuracy of 27%. Barnothy has suggested that theoretically the
mess of the positron.}s 0. 354ﬂ less than the mass of the electron
" due to the difference in sign of their mass defects, and a care-
ful examination of the results of Zehn and Spees reveals that €¥lm
is slightly greater than ©%w. A precision megsurement of '€/m to
thie}accuracy would, if this divergence in specific charge ﬁere
estdbliehe@, be strong evidence of the exact equality of charge.
Since the specific iomization is proportional to the square of
the mass for a given.velocity, or rather a given Hp s & comparison
of P.S.I. for positrons and negatrons will give direct evidence
for the equality of mass and hence charge of the two perticles.
- Bethe has derived an expression for the P.S.I. by ascrib--

ing hydrogen-like wave functions to the atomic electrons, and
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restricting the velocity of the bombarding electron to be much
greater than the velocity of the atomic electrons in the Bohr

orbits, end much less than the velocity of light. His formula

is:

P.S.I. ® M(olif)(‘n "1"“’  eeeseveses(il)
TwW S

where W = 13,5 ev. for'h.jrdrogen .

and (Z) 13,5 z for other gases. -

The value for W, the average excitation potential of the whole

atom, can be found more accurately empirically from stopping

power data tha.n.theoretically. The theoretical expression given

by Livingston is : |

tos () = (1= 13) 208 31o(131) 208 3x

where Ig = a.verage excitation potential of the K shell
© = 1,103 2z2ff. Ry ‘ V

and Ry = ionization potentia.l of the hvdrogen atom.

2 " 0.3 % effective nuclear charge of the K shell,
I's a}verage excitation potential of the electrons out-
| side the K shell. | |

. Z2=1.81 " "effective" nmnber of electrons. '
’To deseribe 1onization by re&at:.vistic pa.rticles, Bethe applles
an exzot quantum mechanical treatment to the ener@ loss prob-
lem. He considers the distribution of q into_excita.tion and ion-

jzation energies, which varies with the atom 'b'om'barded, and he
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ghows that

-dT/d.x = A/i(ln K +1n A~
\-

- m)
ﬂ’ .

BETTTTTTTTTTTI¢EEY)

where K depends inversely on the effective 1on1zation potent1a1

7.

of the gas and on whether 1t is primsxry or proba.ble specific ion-

ization which is being described.
Kk %105 |
AT 422e%Z/mc?
The ratio '

(dT/dx)pri PeSeIe. = v.o

For P.S.I. in hydrogen,

= average energy expended per prime.ry
- ion pair produced.

Vo is a function of the nature of the gas only, and is independ-

ent of the energy and nature of the ionizing particle.

for different gases are given in Table 1.

Table 1. V, for Different Gases.
Gas Par ticle Enerqﬂ (Mev.L Vo (ev.) - |Reference
Aivr Elect von .3 32.0)
Aie Proton 2.5-2.5 3 b 7= 35
Air Rlpha 28 35.] P u
Air " 5.3 356
Hy u " 3L.0
fte y p 31.0
o m M 34.b \
Ne ; u 29.9 [ 20
A 4 " 24.5) = 259 )
A £ lect von _0.017% 14.7) (¥
Kr A lpha 5.3 23.0 20
Xe " (3 2.4 Iy

Values
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When chenged to giverP.S.I., equation (iii) becomes:

P.S.I. = knz (z¢%) [l fi sl - ﬁ ] Ceesesnsens(iv)

. N Mv’. - -
~ where K is a constant which depends on the ges being ionized,
and C depends on the ionization potential of the gas. A plot
of (iv) is given in Fig.z '

5o .
Prolown -
- PS1. Eleclvom
Ton Paire
Pev eMm .
n
- a5t
AH‘ ; 7
(N-T.P) L g
Eneryj in /,ouers .f 0, ey.
I03 '5‘* llD’ /él— ' /0‘7 /.07

He

——
————

' Fi§.23 Ionizaxioannergy Curve.

The relativistic formulae differ significantly from the
non-reiativigtic only when the energy is several times rest en-
ergy. The relativistic increase in the spécifié'ionization—is
due to the increasing contraction of the electric field of the
particle toward a plane perpendicﬁlar to its motion, thus increas-
ing the impulsé given to éxomic electrons by particles passing at

some distance from the atomic.centre. An increase in Hp by &
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factor of 5.104 only doubles the minimum value of the specific

ionization.

III. glgethods of Measurement of Specific Ionization
' end Available Results. '

A) General Scheme, S o

The prin;a.ry specific ionization of electrons, alpha
particlé_s_, protons axid. mesons has been measured by two methods, |
In the first a cloud chamber is used in which the expansion is
é:rra_ne’ed to teke place shortly before thévpassage of the ionizing
) particle through th_e chamber, so that condéhsation occurs before
‘ the ions diffuse an appreciable dista.ncg. _The secondary electrons
of low energies and correspondihgly short ranges thus give rise to
e clusfer of closely spaced ions which appéars as a 'b}ob about the
primary ion pair, Counting the mumbers of blobs per om. gives the
primary specific ionization. The energy of the particle is-found
from & measurement of the curvature of the track in a magneti_c‘ |
field: Inaccuracies arise from multiple scattei'ing ’.in the gas at
low enérgiea, .and 'by} the uncertainty in estimating the plane of
the track. The amount of water vapor present is ha.rd to estimate,
and hénc_e_;a.léo introduces an error. Further, the blobs may over=-
1ap, be of various sizes, end be irregularly spaced, thus making
sccurate counting difficult.

The secongi method consists in measuwring the effi‘ciency of

a Gelger counter; i.e., in finding the probability that at least
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one iom pair is created in the gas by the passing particle.
The efficiency may be calculated as follows:- .

4 Assuming all path lengths in the counter are the same,
and equél-to L cms. then the average number of ion pairs pro=
duced in the tube iss =n = slp.
where s = primary specific ionization

p = ges pressure in atmospheres.
Let w(f)a probebility that the particle goes a
” | distance [ without producing an ion pair.
Then  w(df) =dwlf=. probebility that the particle goes a
| distance d! without producing en ion pair.
Therefore uff) dwl) = probebility of it going a distance (£+d4)
| without producing an ion pair

= w(g) - slp)

Applying the boundary condition w()=1 , a.ﬁd integrating,
-s1
we get wlf)= e P

Therefore efficiency = £(f)<1- o

' _ If the geometry is such that there is a continuous dis-
tri'buti.én of path lengths, it is possible and necessary to revise
the expression for the efficiency as a function of (sp).

The precision is limited in that the calculations assume
that (1) the presence of one ion pair is sufficient to initiate
a discharge (which is believed to be true in & properly operated
Geiger c:oun'l:e:r:)’l,4 and (2) that neglegibly few entities capsble of
exciting a discharge are ejected by the particles from the inner
surface of the counter eylinder. To check whether or not condition
(2) is satisfied, an efficiency measurement could be made using a

gas filling known P.S.I. and by checking the form of the func-
tional relation by verying the £illing pressure.
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s -
Remsey has pointed out that a single segmented coun er

could be used to measure the P,S.I. By applying different volt-

sges to different segments, one segment can be operated in the

proportional region giving a current proportional to the number of

ion pairs formed, while another ségment is operated in the Geiger

region giving a current which is proportional to the number of ion=

izing particles passing through it. The ratio. of these two curr-

ents is proportional to the P.S.I. and is independent of the number

of particles in the beam. To obtain the absolute value of P,S.I.

for any ges, a'balibrationnéf the apparatus must be carried out

using & gas of known P.S.I,

- The results of'éévéral investigators are given in Table 2.

Teble 2.

1 Cloud Chamber.

Availaeble Datsa

Tavestigator Gos Paviicle Momentum PS.T(NTP)
Williams ¢ Terroux re H, Electrons ~ 105 ev/e S,
" 0, “ ~ 10t a2
Kunze " Aiv Mesans ()| ~ j0° 19
Covson + Brode® Air n (?2) ~ 107 14— 1¥
Hozen® e Elect vous 10¢ - 1o’ 6.
" He . Mesons > 10? LS
SkrumsTM¢Lqurii£| Na Electrons | too—2100 Kev. 19
w " Ne " ye0-2100 Kev 12.6
1. Countler Eff;cieng/u
Danforth « Rmsirz“ Air Mesons ¢ £ lecl rous 2 2l
1" " Hy - - ? b2
Cosyns ’ A n ¢ 274
- e " ? 59
" H. “ 7 6.0 to>2
Curran 3 Rejcl ¥ CQH,_(OH) Electrons O.42 Mey. 79
“ o ¥ A " D.42  Mev 2.9
Heyefond H, v f‘nc' = 3 4.5
> H, " F/’“, = 20 5.7
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Williems and Terroux claim an error of 2% in - their
measurement of Hp, end an error of 5% due to the presence of
" water Ava‘.pcr and other gas iﬁpurifies; They estimate that the |
Ae:‘cror in judging the number of blobs pe.{' ¢m, produced by fasf
electrons is insignificant Acempared to the error of the first two
causes, For slow eleotrons the method is very inascurate be be- .
cause of the scattering. They find the veriation of P.S.I. with
velocity cen be given by | o o

-5 £0.2

P.S.I. = 52 for hydrogen.
P.S.I. = 22 Pk > for oxygen. _
Their results show that equation (i) predicts the correct order
of magnitude for P.S. I. but theoretica.l values are six times
lower than experimentals _ | » § ‘
E.J.Williend found that equation (i1) gave values within .
10% of the experimental values for electrons having f a 0 50, 0475
and 0496, ‘ " |
Kunze aid not find the e:qpected increa.se of P.S.I. with-
v_elocity at energies greater than 2 Mev., nor did And.ereon, who ob-
tained a value of 31"ion p_a.ire per cm. for energies gi'eate:.' than
107 ev. As Brode’—poiﬁffs out, this me&‘ be due to an error in the .
operation of the cloud chamber, givmg a ' result whlch is too low by
a faoctor of 2. 'This same mistake was ma.de by Corson a.nd Brode and
is due to the fact that they were observing condensation on pose
itive ions alone, 1nstead. of on ion paire._
' Hazem quotes a "probsble error of 1. 67 for electrons and

PR

1.77 for mesons, This covere an estimati on of the percentages of
a,lcohol e.nd water vapor present in the chamber.

@
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Skremsted and Loughridge estimate that the resolving
power of the observer's eye limits the accuracy to 10-15% for Ko,
and 7-10% for ¥,, depending on the velocity of the electronm.

They did not find an incresse of P.S.I. with relativistic veloo-

ities. 'Theirre'sult_s are expressed as

P.S.I. = 19 /3""5"0"5 ~ for 'nitrogen.'
PeS.I. = 12,6727 %0 . for neon..
| They also observed a few tracks in oxygen, two or three of which
ﬁer_e definitely due to positrons and others to electrons. The re- .
sults were indistinguishable in the tﬁro cases, and agreed with‘the
values of Williemg and Terroux. )

The results of Danforth end Renmsey, Cosyns and Hereford,
using the counter technique, all -give a value for the P, S.I. of & -
which is an electron in the case of Hereford and & cosmic ray pare
ticle in the other cases. | - | | | |

For low energies, Hereford's results follow closely Bethe's
theéretical curve, the minimum lies béelow the theoretical curve, ~
" and there are three experimentel points to indicate that the.P.S.I.
| does in_qrease at relativistic velocities, Hereford's results appear=
ed in the September 1948 issue of The i’hys_ibal Reiriew, scnetime-
’aftefc;i-the present expériinent had begun ahd he used en experimental
set up very similar to the one used by the suthor, but Hereford has
uged cylindrical gias; envelope coun’ter:s" with graphite cathodes,

The major:.ty of the results quoted in the literature are mot

in pa.rtlcule.r accord, “which would suggest that the preciaion of the
cloud chember has been overestimated, 'Ihe theory has been checked |
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and verified most cloaely in the region of the minimum of the

'1oniza.ti on-energy curve,

Ve | Vmerimentél Arrangement.

"A) General Scheme.

' In this resea.rch the primery specific ionization of |
negatrons and positrons is o‘bta.ined by measurement of the in-
efficiency of a Geiger_ counte;f operating at a low pressure of the -
gas under investigation. Essentially the method adopted is in-
tended to give a direct compa:r:lspn of the primexy specific ion-
jzation of A’ and p- of various velocities. TFor this pu:."p_ose a
small magnetic analyser has been set up, the ‘selection of either

/Q‘ or /3' being made by reversal of the field direction while all
other experimental conditions remain unchenged. - |

' This method obviously can be applied to study the variation
of P.S.I. with the energy of the bombarding perticle and with the.
nature of the gas thz;ouighl which the particle passes. The gases it
is proposed to study include aigon, helium, chlorine, hydrogen, |
neon, and quenching vapors such as alcochol, methane and methyl
chloride, while the enérgy range available for investigation is
._from 200 Keve to 1. 5 Mev,, the lower limit being set by the energy
spread intorduced. by the mica windows, and the upper limit by the

gources at present obtaingble.
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B) Design of the ,/3-:'52 Energy Aﬁg&ser.

‘The magnet used is & 1/6 scale model of the deflection-
magnef designed for the U.B.C. Van de Graaf generator, but with
different pole pieces to p&:ovidé 5.3/4 in. gap and wedge shaped
field. It is capable of p:qducing fields up to 1hooo geuss-
over the area of the wgdge.i.é., 47 sq. cms, D»evta.i.ls' of the de-
gign and performance are given in Appendices 2 and 3. In adde
ition to its simplicity, the main virtue of wedge refocﬁssing is
that it enablea the velocitles of the electrons to be analysed |
without the deflecting magnetic field straying over into the
" regions in which the electrons originate and where they are de-
tected. TFurther, the yoke provides some shielding of the detector
and the geometry and distances are such that excellent shielding
from gamma rays and a.nnihilation radiation fram the source ‘can 'be
achieved by use of lead blocks, while still maintaining & reason~
éble solid angle and counting rate. The spread, or departure from
perfect focus is given by A |

S & a«lsine . - | (Sée App,endix}l),

where, for the wedge used,

a = 30 cms., = distance from wedge apex to source,
6a 21° éne half the wedge angle,
<2 5% = one half the cbllectiop angle.
whence, S = 0,09 cms. | |
This means thet a source 1 cm. wide will have an image of 1.09 cms.
which is Jjust less then the counter window width-.v
".me d.isperaion, or the aiai-lity to separaté.two different

veldéitiés, as meas‘ured"by_ the distance between the points at which
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central rays corresponding fo the two velocities would focus,
s shown to be ' -
‘D= 2a 8ine 9;,‘! ) - ' | (See Appendix 4).

If we take D = *t 0,6 cms. = window width, |
_then ie.‘! s tlD/‘(za sin o)
| = :D/21.48 : -
V 2:ap/p ®»t1/2 ( E/E) 510,6/21.48

Therefore + AE/E = +1,2/21.48°2 *67.

1+

Now

<|

Thus, if the electrons were uniformly distributed in velocity

ﬁp to the maximum velocity of electrons from the source, the magnet
ghould select all those in a 6% band, i.e., 6 in 100 particles

. would enter the counter. | .'

The vacuum box of the spectrometer is made of Sin; by'l in.
brass wave guide tubing which was cut ahd bent to a width of “j.in.
in order thé.t it fit between the pole pieces. The sources are
piaced on aluminium tra&‘s virhich £it snugly into a hole in one end
plate. A 1/2 in. dismeter mica window in the other end plate
serves ag exit slit fbrf;;:ghe electron beam. A lead baffle placed
next to the exit fia:age serves to cut down the amount of scatterdd
ra,diaf.ion in the beam arising from Compton and photo-electrons e=
,jec'ted'from the walls of the vacuum box by gamma rays from the
- gource and from az;nihilation radiation from positréns stopped in
the walls. Lead blocks are set up tq prevent direct gamma rays
from the source entering fhe counters. The general lgyout of this

spparatus is shown in Fig. 3 and Plate 1.
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C) Choice of Sources.

- RaBE, with an Emax of 1,17 Mev. and half life of 5.0 days,
was chosen as negatron source owing to its availability. Both
| pure sources, prepared from RaD by 'eiectrocheﬁical depoait'ion on:
a nickel surface after removal of Ra.‘E‘ by & similar electiro-
chemica.l deposmtion on silver, and a source of RaD itself in- the
form of chlorlde evaporated to dryness on & mica. sheet have been
used. For -pur;poses of th:.sﬁ experiment the alpha emission from
RaF and sof beta emission from RaD itself are not harmful.
Reé.sonabiy thin sources were used; which were deposited on an
area of sbout 1 cm. diameter, and thick backings. o

Th? choice of a positron emitter for these experiments
was a. diﬁ’i&uﬁt one, since there a.reArela.ti#ely £ ew positron
emitters with Emax. greater taan 1 Mev., still fewer of these have
an adequate half life to be useful for these experiments in
Vancouver. Further owing to the ready availab‘iiity of sources
from the Chalk River Pile it was' preferable that the source should
be producable by a neutron reaction‘ in relatively high specifiec
ectivity. )

_One of the positron emitters producable in a ;pile Cu54
from (:1;153(1'1,1()011,64 reaction, has Emax. of 0.66 Mev. and & half
life of 12.8 hours. A considerable fraction of the active nuclei
decey via  emission but the nia.in objection to using this material
as source was ‘h‘ne cost of continued transport a.cross Ca.na.da.
Some znb5 was prepared in the Chalk River Pile in the summer of
1948, while the author was there, by the zn%4(m, ¥)Zn65 rea.ctl_on,

but on taking an @bsorption curve it was evident that the ratio .

of Zn®s nuclei which decayed by emitting a positron to those which
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decayed by K capture and emitted & 1 Mev. ¥ray was in the region

of 1 in 200,. This sdurc':ev only provides positrons of Ma.x.‘ of

0.4 Mev., but the half 1ife of 250 deys would have been very suit

gble. Owing to. the high ratio io.}f gamma rays to positrons this

source was not used; } |
Consideratioln was then given to sources which gould be

prepared with the aid ofv & cyclotron. | Of these the following

were considered:

Qouvee -Pv'ephrat"pah. Emg\, Tv Ya ‘ Commemt# )

" §2 R : ” '
as M“gl quy (d.,l“.)ernsz 0.77 Me\(_ | 4;5’ A'-SJS Low EMA)’

28 Co st &Fe;‘(d,ln)z‘Co,s—L l.s/‘ Me{- 72 6{1\_&[5‘ Gaocl‘

2 Gatt oz,‘“(P,h)B‘Ga“ 3. AMev_' q.4 hes. | Ty To short

i Nb‘r‘- n.MfJJ’ (‘Jf‘)n N‘u— 0.5§ Mév. 3.0 yrs. Lo\d_ Emm‘,

o W% “zv"°(<l,zn)4,m“° 1.0 Mev. | 21 hrs Ty, teo shovt

'

& |0 Mev. | 1L Az\;,g’ ‘Em"x'slighﬂy low.

a3 'hsd 11Ti‘ﬂ(cl;1n\,_3v

Co%6 was chosen as the positron emitter. Through the kinde
ness of Dr.Hsmilton, who is in ché.rge of the éo in, cyclotron used
at Be‘zjkeiey for trace preparation, a millicurie of CoS6 has beeﬁ
vprepa‘red.__for use in this experiment. Since the range of the 25 Mev,
deufurons from the Berke‘ley‘ 60 in. cyclotron used fc;r the bombard-
ment of the iron is small, the €056 will be concentrated in ‘a thin
surface layer of the target disc. It has been shown that 1/3 of
the atoms decay by K-capture. The ﬂ“ specfrum is believed to be
simple, and therefore the momentum-mmber distribution can be
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given by e Fermi plot:
- _ | L
‘i,e., the probebility w(e ¢+ de )-=Ke(e‘~-1)‘t(f,-g Y deg

where €- EElectron/mye?, Ekna:r/m
From thie, the average enerw can 'be ehown to be approximatew
650 Kev. ' '

D) Intensity Considerations.
' The wedge magnet in use has the collection angle in one

plane of 2/11 radian. In the other plane the angle, as Jimited
by the exit window vhich is 1/2 in. st & distance of 28 in., is
approximately 1/56 redian. Thus thef overall solid angle sub-
tended by the counter at the source is | |

(1/am) (1/56) (2/11) = 1/3872 |
Hence & millicurie source of 0055 can be expected to give

(3.7) (107) (1/3872) (6/100) (1/3) (/3) = 50 counts/sec.,
‘ where' the factors of 1/3 are allowances for K-.ca.:ptur-e» and gself-.
'absorption in the eoﬁrce, while & m.illicurie“. source of Rak would
e expected to give elightly less than 450 counts/sec., depending
on the thickness. In fact with a.pproximatew /2 millicurie of .
RaBE the counting rate at the optimum value of Hp was found to be
170 counte/sec. ‘

E) Counter Desi@. .

In order to apply the eque.tion for efficiency it is
necessary to determine precisely the value of ',( ', the p_e.th length
. through the counter, or to evaluate theoretically the aversge
value of »'ﬁ" pertaining to the particular experimental arrange-
ment. With f_the wedge analyser described, the direction of the |
electrons lee.ving the exit window are within 59 to the normal te

the window. .In order to define with some exactitude the path -
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length through the inefficient counter it was decided to use a
rectangular envelope; and the whole counter design was based on
use of 3 em. wave guide brass tubing for-i;his enveiope. - This
has the oﬁvious'advantage_over a'.‘cylind.ricalrcqunter that not only
is the distance between the windows known quite closely but that
this. distance can be made quite small - 1 cm. = so that relatively
large values of P.S.I. can be megsured with a not too low £illing
pressure, such as ooém‘ with gases lik'e'"argox‘l.' Too low a press-
ure is rather undesireble as the stebility of counter performance
over @ period of"' time is leés certain, the amount of: quenchi;ag
vapor end hence life of the counter is low. ‘Again it is relative-
1y eesy to insert windows of 1/2 in. by 1 in. in mica of thicke
ness as low as 2 milligrams/sq. cm. on a flat brass surface but
almost impossible to do so over & cylindrical surface. Finally
a closely packed coincidence ‘arrangement is eé.sily set.nﬁ with .
such rectangulsr envelopes, and so ensble & larger solid angle to
be subtended at the source for the same counter volume than is
possible with cylindricé,l geometry. |

:  Curran and Reid hé,ve investigated some of the properties of
rectangular counters. Using a collimé.ted source they found that
the effeétive counting volgme of the connter coincided with its
geometrica.i volume. Because of the redﬁced lengths of paths a-
long which the positiire' ions pw dpced in a diécha.rge tré.vel to
the cathode, it was expected to observe shorter dead times than
found in cylindrica.l}counters o-_f compa.ra;bie cross sectional area,
and this effect they verified. | |

There is a lower limit to the ratio of the length of the

ﬁalls' of & rédtangula.r countér which is imposed by the fact that
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.the field must not be too hiéh in the short diiection to pro=
duce overshooting and yet the field in the long direction must.
be sufficient for an evalanche to occur. Curran ahleeid point
out thet the ratio of maximm to minimm field strengthe effect-
ive in s rectangular counter is given by
ey P
@’fw) - et
where /’- 3 wire radius £ distance at which mnitiplicaticn

~ process begins

VE length of short well.
For the counters used in the present experiment

=1 cm.
p- 0.01905 om.
herice ¥ = 1,002 »

One cen therefore conclude that these counters should operate
’comparqxivel& as wellfgg uylindrical.“_ihe plateau lengths found
were of the order'of‘so Volts. This is more then adequate»fqr
accuratevcounting when the counter voltage can be derived ﬂfcm a
well stdbilized'vqltage'supply. The power un}t conStrucﬁedvfor
this purpose (See circuit diagrém'page 29) has & variaxion of.
1/2% for a 10% veriation in mains voltages, and after 15 minutes
warming up period hed less than 1 volt in 2000 drift over the next -
‘geveral hours.

Two square section brass counters; oneAwith 3/8 in. square
mica windows and one without, have also been built,vpartxy for
comparison with the iectangulai shaped envelope, and'show rather
better piéteau,chéraptgxistics'and less "window éffbct”'(see para,

greph "Results"). Ordinary bell type counters heve been used for
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the second 100% efficient counter. _

Further, as an alternative scheme for determining P.S.I.,
a triple segmented counter (Fig. 4) has been constructed to |
function aloﬁg the lines suggested byARamsey. This has béen op=-
"éiated successfully as three counﬁers'in one. In prder,tp be used
for actual measurement of P.S.I., it still needs to’be supplied
with an end window, and suffers from the rather small solid angle

of electrons it will aodept.,

F) Counter Construction and Filling Technigques.

Scale'diagrams of the counters used are given in Figvs..
The rectangular wave guide hag the breass end plates silver solder-
ed into place. The Kover sealé and filler tube are then soft sol=-
dered with acid core solder and a hand torch (gas and oxygen).
Care is taken to_kgep the solder blean by wiping it with a wet rag
before and after the sewls are inserted. The central wire of
0,005 in. diemeter tungsten, spot welded onto advance wire of 0,02
in. diemeter, is then soft soldered in place, beihg»pulled taut
while the solder is hardening. The counter is now cleaned by plac-
ing it in_a hot solution of 1 N, HNOz. Glyptal is first coated on
top of the soft solder}to prevent it being corroded by the acid.
After the brass is nicely etchéd, the counter is quickly transfer-
red to a water baih, Wheré ié\is thoroughly rinsed. Finally the
’coﬁnter is rinsed with ethyl alcohol and allowed to dry in a vacuum‘
dessicator. The next procedure is to seal mica windows onto the |
counter. Best Ruby mica‘is used which has been split under warm
water by a very sharp tungsten needle. The thin~9hee£§ of mica are
exemined under polarized light to select those of uniform thickness.

The seal used is Gelva V-7, a Vinyl Acetate Resin;
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which.is mixed in acetone. A thin layer is applied at a distance
of 1/8 in, from the edge of the hole to both mica and brass, and .
theh freed fram air bubbles bylheating at 150° C.‘for 1/2 hour.
<¥Af£er this, fhe'window;is placed_dn the counter and weighted in
position while the Gelwma is baked to hardness at 150° C. for /4
hour. Finally the mice is trimmed down and a coat .of' g];ypté.l
applied“to the edges. The heating process causes the solder to
soften and the wire to ﬁu;lrin and hence to require résoldering,

The cylindrical counters having Cu cylinders are éleaned
by a-chfamic acid passivizing process. The mica window is then
put in place and the glass bell (plus wire) is waxed onto the
flange. | | ' | '

. The filling and testing apparatus is shown in Plate 2.

Taper jbints are used to attach the cpunters to the Bystém to
_fgcilitate the refilling process. The counters are thoroughly
outgasaed‘ﬁith.the aid of the meroury,diffusion pump, - and the
wires are glowed to burn off sharp ppints or dirt particles ad~
hering to their surfaces. They are ﬁheﬁ»filled in‘the usual wéyﬁ
by allowing the organic vapér 1/2 hour’ to diffuse before adding the
main inorgenic componeni. Several hours are left for diffusion and
gbsorption by the counter surfaces to be com@lété before testing -
the cqﬁnters electrically. 'This ageiﬁé process seems frequently to
be necessary, counters often showing & much better plateau, etc.,
after this time than shortly after filling. The operating voltage
does not moticesbly alter during this time.

The counter operation is tested before it is removed from

the filiihg system.



G) Electronic Eg;g_pment .

. The electronic equipment used for testing, a.s shovm in
. Plate 2, includea & hea.d amplifier, stabillzed power suppm, a
aoa.ling unit a,nd a pulse cscillograph ‘which can be used with a
triggered or self running sweep.

o The heed amplifler a.void.s the necessity of a long ceble
| to the other appa.ratus with coneequent la.rge capaclty across the
oounter end its resulta.nt sma.ll output pulee size. It consists
of & single 6ACT emplifying stage with & low anode load to follow
a rapid pulse rise, important in coinc:.dence work, end also with
simple negat:.ve feed back to extend the input voltage size over | |
' whzoh the amplifier will work 'before sa.tura.ting. The second stage
is & 6AG'I cathode follower adequate to drive a long ca’ole‘ca.pa.c-
ity so tha.t the rate of rise of the pulse reaching the comcldence
mixer is not a.ppreczably ﬁeduced 'below the initia.l rate of fall |
of potgntial -on the counter wire. | Measurements confirm the ex-.
pected emplifier voltage gain’cf 'li and ma.ximmn output' pulse ai.z_e‘
| a£<28’volts, and also that the rise time with 6ft. of cable is '

. less then 1/2 microsec.

The "’Triggered' time base enab}.e's the start of the time
base to be coincident with the arrival of the pulse, so that on
the screeﬁ with a high counting rate the app.ea;re.mc'el is as shown
in fla.ie 33 A delsy time of 1/4 microse_c‘. in the signal lead en-
ebles the time base to be started"ahea.d' of thé 'vertvica.l displace=-
“ment of the beam 80 the rate of rise of the pulse may be studied.
This provides a very convenient mee.né of méasuring dead time and
fecove:;y time of a counter and of_detecti.ng inultiple counts and

pulses of _diff'erent-heights, and in fact of é.éducing most 'of the
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troubles which arise in the counter.

The electronic equipment used in the nmain experiment is
shown schematically in Fig. %, and-a photograph is shown in - -
Plate 4. The head emplifier and stebilized power unit are of the
geme ty'pes'as those mentioned pr'eviously. The coincidence mixer
is a tripie channel ini.xer but is used at présent as a double
channel mixer. Without special ad:)ustmgnt of the coincidence mix-
er, the resoiving time Was__féund. t0 be 0.8 microsecs, by feeding
rendom pulses from two Geiger counters activated each by its own
source into the mixer and counting the coincidences. From the

usual formula N, 8 2N1NoT the resolving time T was deduced.

I

Resgults,

Gra.phs.of observed counting rates for typical s cimen -
counters against voltage are given in Fig. 9. The bell type of
| p—éoﬁnter and the rectanguler and square gamms counters have
useful plateaus, while the rectangular and square beta counters
show Very poor tplateaus’', )

One. recténgula:r gémna counter was tested at 'red.t;ced presg=
ures and even with a total pressure of only 2 cms. had a plateau
slope of 11 % over a range of 100 volts. A square p-counter of
|.5 cms. total pressure showedvﬂa slope of 0% over tooc voltis. -

Although our value of M as previously calculated was 1.002
for the rectangular ﬁ-connters and hence, on the basis of Curran
and Reid's report, should have operated successfully, it can be
geen by the graph that this was not the case. The rectangular

(3- counters having windows of either Al or mica;when operated in
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their 'Geiger' region, gave pulses of two distinet heights
anslagous to ‘i:he effect of a bead at the centre of the wire,

as was checked by plotting counting rate against scalar dis-
criminstor setting. This effect was only partially improved when
the mica was made coné.ucting on the outside by coating it with
‘graphite, which seems to indicate, contrary to the usual theory;
that a cathode mechanism such as the ejection of electrons from - -
the cathode by iquanta emitted in the initial avalanche, is involv-
ed in the spread of the discharge. To check this last hypothesis -
& point @source was placed aga.inst the window centre and the counte
ing rate noted, then the source was m&ved. to the window's edge and
the counting rate“ again recorded. The value of the ratio

Efficiency at Fdge was le¢34 for a graphite covered mica window,
Efficiency at Centre -

and was 1.91 for the same window without graphite. The efficiency
ratios were found to be the seme when counting tnly large pulses -
and when counting both large and small pulses and also for a gemma,
gource. Thus it would appeer that the efficiency of the counter -
in the ceﬁtral region where the windows are is very low, even when
the field distribution in this region is mede uniform.

A further check was made by moving & point gamma source ..
along the narrow edge of the counter and again the efficiency was
found to drop in the central region. Tests made with ¢ollimated
beta sources did not show any significé.nt ché.nge in large to small
pulse size as the region into which the betas were fired through
the wind.bw was charged.

" These results force one to believe that the cethode mechan~

ism end not merely the field distortion rrevents the central region
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from having the same Geiger operating voltage as the feétjof
the éoﬁnter. Naturally this results in very poor plateaus for.
these beta counters so far tested. '

An attempt was made to measure the real efTiciency of such
a counter by plotting the value of Nc, the coincident counting
rate,vagainst voltagé on the rectangular counter, the bell counter
voltagée being ad justed to be at the start of its slope. The spur—
ious counts which arise in the rectangular counter as the voltage
is raised shouid not affectvthe coincidence rate significanﬁly
until the state of almdsf continuous discharge is reached, for

N, =2 NNo*P |

with Né = 50 counts per sec. and hence NC should also be about

50 counts per sec., and with =_(l/2-')(10)"6 séc., N; can be

= 105 counts per -sec, before the chancé
(25(50)%172}(105“ ‘

'spurious' coincidence rate amounts to 10% of the real rate.
The results tabulaﬁed below bear this out and indicate

that even at the highest voltages reached before discharge sets

in tﬁe counteiiefficiency was only 96%ninstead of the computed

figuré of 100%ufor the filling.

_B“‘K‘j round ) : -
Nz 1 //6’ C oL nfs in ,?mjn.) Con 32’:(\“[ Vh,;e.
B\(kgrouwd . ’
N —? 0 . [ " " ” o .
<
ClLVrey\f ' }
(A “‘PS) | 0.2 0./ 0—05 . 0./5 .25 ﬂ, 35 045
N .
counls/2 min| 2268 | 128¢ | 57\ 182 | 9545 | 358 | 395
N. )
Counts 2 min | 247% | 7441 | 702 | 2224 |\ 2425 | /551 | 497
EGfi(in(y: _ :
Woroy o 952%| ge5h| 48| et | 25 | 953 | 955
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It was obvious at .this stage tha.t further work was
needed to improve the behaviour of the rectangular beta counters.
Firstly it is intended to sputter copper onto the mica in an
é.ttempt to equalize the work functions of the cathode materials
and hence make the counter 100% efficient, and secondly to use &
“quench unit® to reduce voltagé on counter by 250 volts once dis=
charge has ooccurred and keep it at this 'below Geiger threshold'
level for 300 microsec. to eliminate multiple pulses and so flatten
the platesu snd so be sure that both counters will fire once only
when an ionizing particle passes through their sensitive volumes.
A unit has been made up to the circuit shown and appears to work

patisfactorily.
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APPENDIX 1.

THE ENERGY TRANSFER RELATIONS.

1) Gollision Equations; | ' mu,e

MV, ze | )

'V\V',ze

Conservation of momentum requires that

-a) MZV"2 0032¢ = m%u? cose - 2MVmu cose + M?V2

b) M2V sin?¢ = mPulsine
S 22
hence ¢) MV?' = m“u“ - 2 MVmu cose + M-V
Conservation of Energy requires that
a) ‘172 MV'2 = 1/2 Mv? - 1/2 mu?
Combining C) and d) we get. ‘
o) MPV12 = M2V2 - Mmu?

f) (Mm + m2) u? = 2MV mu cos

therefore u = 2MmV 560
(Mrm) m
or Q = energy transferred

24272
=1/2 mu? = z’%,%‘?p‘% cos®e

(“M"‘)L 1/2 MV2cosl e
LM*»\) . .

2) Impact Parameter in Coulomb Field.

The particle will be attracted towards _the electrons
with a force of zea/r2 and will describe a hyperbola with respas t

to the second particle, as shown below:
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In this sketch

closest distance of approach,

Q
]

P = impact parameter = closest distance of approach
if particle wers not deflected. |
k = distance of focus of hyperbola from origin.
® = angle of deflection of incident particle.
‘9 = angle of deflection of electron with respect to
- the incident direction. |

The energy relationship'at the closest distance of approach is

1/2 w2 = 1/2 mvl + ze2/q
where v = velocity of particle at an infinite distance
and Vo, = velocity of particle at origin.

Let K = zel/mv2 =

hence vg/v2 =1 - 2K/q

From angular moﬁentum considerations we have
mvp = mv,q

therefore‘vg/v2 = ;;qz

1m2K/Q  eeennneennne..(A)

whence p2/q2
From hyperbola geometry

e(l + cos © f

q

and e = p/sine

therefore q = p(l+cos® )/(sine’)
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and p2/q2 = (1-cos? @ )/{1l+cos 6 )2 = (l-cos © )(1l+cose)
By substituting in (A) and multiplying by (l+cOé 6:) we get
(1-cos ©) = 1+cos® - (2k/p)(sine) ‘

hence " 2k/p = 2 cos® /sine
and p/k = tan® | |
now tan2® = since /cosze = (1-cos®e )/'cosze

therefore 1 = cos®e (1+p2/K2-):
. ER

therefore cos®@ = 1/(1+ ™EY)
z2e#

3) Evaluation of the Parameter p.

Qetmt/(Mm)2 T cos?6 =4my/(-m)? T/(1+ L)

z2elt

hence '-m2p2v4/zze4"=((4mMT/Q(M+m)2 -1))
and , p? = (4T /Q - 1)° e4/4T'



F

- ‘o qu net fo" S?ect romet er

Bs'lt'lon
of Goils

Civeular

Pole ?ieces

Squnre

f%le1ﬁfs

Lbnﬁn&le&
YolK.

B s s e —————————— e S——
,/4 ’,/ . ,"’ 1 =~ .
’/ ’,” . 7 - N
Vs I’ ’V ‘\
7 7 E
d l /
d // - / ¥
7 <% i n?
o 7 /
/ /I / /
) / ’ " /
,/ ; / 1#5 / -
’ ! ] / 3 —
! ] !
y= / ’ /
/ ! F 4 [ t
{ ! r4 ! [
! 'l I 1 !
" [ 1 " i
¢ 1 i ': i ! 4
€ h '
{ { t |
1 ! ! ]
| ] | !
1 i |
t t ' \
P 1 " \ '
4 1 ! \ "
\ \ ! \ \
\ L] ] 1
\ [ 1
‘\ \ Al \
\ \
\ \ \\ ‘\
A \ \ \
. \ \ \
\ \ \
\ \ N
\ A \
N \\ 2 A
\ SN
5 > ” ~ A
-~ -— - = ————‘3"" \‘\‘—— ——-———:\
y




35
APPENDIX 2.

MAGNET DESIGN.

The 1/6 model of the magnet designed for the U.B.C.
Van de Graaff generator has been modified to have»an air gap of
3/4 in. Not shown in the diagram Fig.8) are the coils which
have been wound with 1100 turns of No;lB gauge formex cépper
wire and provided Wlth a water cooling layer such that a max-
imum current of e amps. can be passed through without serlous.
overheatlng.

Hence NIpex =-lzéoo'amp. turns

Therefore M.M.Fupay = 4 TNI/10 = 12,l0b gilberts
= Hair lair * Hiron liron |
Assﬁming a maxumum value for Hjpop of 40 Oersteads to corresbond
to 10,000 lines/sq.cm. in the iron yolk used which is made of
laminated low carbon steel, then
MM.Fopax =22,106 = Hysin (11 (2 54)+(40)_%_)(2 54)
Therefore Hyjn = Il Kilognuss |
With the model as used, saturation would ebviously occur
in the poles which are not tapered to allow for,léakage flux.
However as it is a 'model! with enlarged air gap, clearly the
limitation lies not.in irbn saturation but tn the_currént which
can be passed throﬁgh the coils.
MAGNET PERFORMANCE.

‘This magnet's performance is given in the follow1ng graphs,
as found by a balllstlc galvanometer and search coil. On the
next diagram for comparlson is shown the performance of the
magnet when modified to have wedge shgped pole pieces of approx-

imately the same total area as the square tips.
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APPENDIX 4.

MAGNETIC REFOCUSSING OF ELECTRON PATHS.
WEDGE MAGNETS.'* |

The electron paths in the wedge are arés of circles
which are tangent at the edges of the field to the entfance'and
exit directions.. '

| Consider a homogeneous beanm éf electrons of #elocity v
entering the entrance slit A making the angle © with. the base
line and'entering the field at P pefpendicular to OPQ. If the
field H is set to turn the beam into an arc of radius R where

R=asine = OP = OW | |
where HR = nv/e
then the centre of curvature of thé arc will be O; and the exit
‘beam will leave the wedge face at W perpendicular to OWV and
~enter the cdllector at B on the axis., All oﬁher beans é.g;
AQV, with similar vélocity and with the angle f;* to AP will
be refocussed so as to cross vefy ciose to B. That is, the
best refocussing for a divergent pencil from A occurs at B,
where b = a sine /sinY
The departure from perfect focus - the Spread -

S = UB sin ¥, where UB is the spfead along the



base line due to beams making angles of 2« with the central
path APWB. | |
If oné cénsiders a beam of
‘velocity v+ Ay starting along AP,
its radius of cﬁrvature will be

larger and it will intersect the

base line at C. The ability to

separaté two different velocitiés
is called the dispersion - D =~
D = BC sin¥- »
D and S are_défined aé'lengths pefpendicular to the ray path |
as the slit of the collector will ﬁormally be placed perpen-
dicular to the path. The ratio D/S gives a measure of the theér-
etical resolving power.

Berivation of Equation for S:

Let AOB be the x-axis and AY the y-axis. Consider the .
path AQVU of the beam at + «° to the normal beam.. |

Coordinates of‘Q:

a cos@cos (©+ «)/cos«

X1

v, = a cose sin (@ +« )/cos«

—————— - ———3

Coofdinates of T:

X, = & ({(cosocos (0 +«)/cosx + sinesin(a.-h(-)())()

yo = a((cése sin(e + « )/ebs< -~ sinecos(®6 +« ) ))
Coordinates of V: ‘ | o

x3 = +2(x,#y, cot¥ + & cot?y ) + 4(xp+yp cot ¥+ a cotly )2

. 5 . .
-4 cosec2¥'(xg +yo + 2ay2 cotb ¥ + azcotzx - a231n263)

2 cosec’Y

(x3 - a) cot ¥

o«
W
]

obtained from intersection of a circle about T:
s . .0 [ ‘
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and second edge of wedge: 7 = otY)x - a cot¥
Coordinates of U: (where intersects AQ)
X4_ .= x3 + y} (yB'—yz)/(XB-xz)
. y4 =0

Hence S = 's! sinY = (a+b-x4)31n‘o’

]

alsiny + s:.ne) - sin¥ ((x5 + yz(ya-ya)/(xrxz) ))- '

On expanding in powers of « and dropping terms in ,(51} ete.

S = a«2/2 ((sin® o /siny + ‘siniz ¥/sin8))

When =Y 8 = ax 2sine

When ©= Y = 900 8 =a«? the usual 180 focu531ng case.

Derlvatlon of Equation for D~

Increase of Av in v 1ncreases R by AR Where AR/R =av/v
1f H is kept flxed. | |

If thls 1s dfawn in, one can find a.new pos:LtJ.on and new
~angle at whlch‘the beam leaves the f_leld and. its 1nter.,cept on
Z0B. (Samé pi‘ocedure as b'éfore) b' Eipanding giv’es: |

‘D=a 31n9/’s1n}r -av/v (s:Lne + siny)
| Whén ©=¥, D = 2a sine- AV[V‘
 When e=Y= 90° - D = 2a Av/v-,"

Resolv1ng Power : e

D/S is plotted as a functlon of o and ¥ in unlts of

(2/42)(av/v). The maximum value occurs for values such that

| 2sin ¥ = sine ) glVlng the ratlo D/S 1-1/3 tl_mesv,
that for 180 case of 6 = 450 ¥ = 45° case. |
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