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ABSTRACT

- In part I the varieus metheds of determining the energy
distributions of electrens are described., Resasens are givah for
 the cholce of a semi~gircular focusing spectregraph. The con=
struction of the magnet, the spectregraph box, the field measuring
. devieea and the eéincidénca Geliger-Muller ceunters are given in
econsiderable detall,

v ‘In part II the experimental energy distributions ef tha
™ ¢, ﬂls, Eaaa, Psg, and Ra E nuclear electrons are deécribed.» In
“addithon the distribution of the internslly cenverted aslectrens from
the Th Pb 2.62 mev gamma ray and of the segondary eleetrbnﬁ from
the gamma rays of Hla and Hazg are given, The eannactien between
these gamma rays and the complexity of the Beta spectra 1s discussed.
In these cases where an independent estimate of the energy of the
radieQactive transfermation is avallable there seems to be a dlae
Gropanéy between thls independant estimate énd'the experimental
| value fer the end point of the continuous beta spectra, BSeveral .
possible explanations ef these discrepancies are discusseds |

in'the appendix the calculations of thé distribution eof

the internally converted electrons from the Th Pb gamma ray are

glven,



LNTRODUCTLON

The energy disﬁrlbution of the electrons emitted from
the nucleus of radio-active bodies has been s tudled for over
twenty years. The general propertiés of this distribution
have been discovered from the spectra of the natural‘radio-
active bodies. v.Thus it is well established that the distri-
‘bution is ® ntinuous (1), trnat there is an upper limlt to the
energy of the ele ctrons emitted (2), and that tre méximum number
of elsctrons is emitted at an energy v ich is roughly 1/2 or
1/5 of the maxlmum energy. In addition it has becen established
through the re tural radio~acti§e bodles that the. apparent
maximum energy of the electrcn is the energy wnich 1s liberated
in the nuclear transformation (3).

Along vi th the discovery of the artificlal radio-activity
end of posltron emission came several rew complicat ons in
‘the m tr e of these beta-ray spectra. _These effects sre also
;xhibited, in some cases, by thne spectra of the nstural
radio-active bodies.

in the first place it appears thsat in many cases tne spectra
are not st mple spectra, that 1s, instead of leaving cnly one
nucleus they may lesve several different structures often
differing in several mi:lionvolts energy. This ehergy is
subsequently liberated either as a gamma ray or as discrete
groups of § =-rays from the atomic shells.

{n the second place, 1t apvears that the probsbility of
beta-disintegration is not connected in a unilgue way with the

maximum energy of the transformation and .1th the atomic num-



ber of the radio-actlve element, but that instead there seem
to be certain more or less "forbidden" (4) transitl ons which
take place.

in the third place, the energy at which the maximum num-
ber of electrons.is’emitted, or what we will call thelpeak
of the'distfibution,is not a constant fraction of the maximum
énergy, but the relative positiocn of peak and uprer 1limit
debenus on the uppervlimit, the stomic number, the sigﬁ
of the emitted particle, etc.

Lastly, the simple theory of beta decay of Fermi and
Konopinsky and Uhlenbeck(5) leads to an expressién fr the
shape of the beta ray spectfa in terms of the atomlc number
and ugper limit. The experimental shavpes do not agree in
detall with the theoretical shapes. The disagreement 1is
not uniform, but is very minor in some cases and very aggra-
‘vatedbin others.

'Theref*re, it has seemed advisable to systematically
study the shaspes of beta-spectra and to determine as far as
possible how these shapes varied with: |

1) Upper limit energy.
2) Sign of the emitted particle.
3) Atomic number of the emitting element.
4) Gamme rays assoclated with the beta ray decay.
5) The probability of the radio-active transition.
and to detsrmine ii there is a distribution which we could
call simple, that is, a distribution which does not‘depend

on accessory properties of the radio-active element, but in
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na simple way on 1, 2, 3 above.

The beta radiocective transférmations constitute only one
type of:nuclear reaction. The same element can often be made
different ways, one involving beta decay and the others the
emlssion of a proton or an el pha pa ticle. Thu%it is often
possible to obtain an independent estimate ofthe ﬁotal energy *
expended in a beta transformation from the masses of the
nﬁclei involved. In some cases we should find the ssme excited
states in the nuclei involved in beta transformations as
are found with the heavy particle reactions.

Yet, although the determinétion of the endpoint of beta
ray spectra 1s essentlal to the completeness of nuclear chemis-
try, we hope in additl on that a étudy of the shape of these
spectra will throw more light on the nuclear pio cesses
involved 1in radio-active transformations,

In this thesls we describe tne anparatus for determining
the beta 1ay distribution and give the results of a few

) . .\ oY
preliminary experiments on the spectra of Th C—C',‘Naﬁz,

N 16, Ra &, P°°, The results that we have obtained do not
answer any of the above guestlions definitely. In the case

of Nabz and ng

the positron spectra are cormplex, and we
have therefore begun an examination of the }’-rays of these

two elements.



Part 1
ArPARATUS

In measuring the energy of electrons, use is made of the
fact that they are deflected by a magietic fleld and that jwhen
travelling perpendicular t>the field, they travel in a circle
pf radiusAp such'that Hp is proportional to the mo@enéum of

the electron.

, - M m e
Hp_T=»fﬁ—

Q.J|—/p—

There are several ways of meking use of this fact to deter-
mine the momentum: T
1) Deflection and observation in a ¢l oud cham-
ber. (6)
2) A large scale electron microscope. (7)
%) Trochoidel focusing. (8)
4) Semi-clrcular focusing. (9)
We have adopted the last of these methods.
ilhen the cloud chamber 1s uwsed as a spectrograph as well
as a detector, the cloud chamber 1s placed betwaenvtwo Helm-

b

holz colils in such a way taat the magnetic field is perpendl-

cular to the plane of the chanrber. 1The circular tracks are
then photogragned. This method suffers chiefly from two

defects; since the electrons of all energiles eater the chamber
at once, 1t 1s im.osslble to examlne carefully the unper end
of the spectra. iny source rhich 1s strong enough.-to give

vive

f)

an acnreclable number of tracks at the upper end wijl
off toousends more tracks alt a lower energy and thuas fog

the chamber. secoadly, since the electrons travsi through



{the‘gas of the chamber they may suffer many small angle
deflections. - These introduce errors into the curvature methods.
The advantage of the cloud chamber is that it is possible to
choose the tracks and dlscard thosge vhich e ve bounced or been
deflected through a large angle.

In the electron miCPOSCOQG the electrons travel down a
long tube. At each end of the tube is a coil which produces
ablens shaped ield inside the tube. The coil near the
source makes the electrons of a given energy travel parallel’
down the tube and the lens at the other ehd focuseé the elec~
trons on a detector. A étop must be put along the axis
of the tube. In some cases the tube 18 bent and the eleé-
trons are made to foliow the bend by applying a homogeneous
magnetic field perpendicular to the plané of the bend.

The disaavantages of this typé of spectrogranh is that
it must have a very long tube in order to focus eleétr§ﬁs of
seversl million volts. Many small angle defleétions,can Take
place ih the long tube, thus scoiling the intrinsié resclu=-
tion of the apparstus. Its advantages are its intrinsiec
high resclving power and the large solid éngle subtended by
the source. |

In the meth?d of trochoidal focusing the electrons travel
through an inhomogeneous field and are at ﬁhe»same time made
to travel in a semi-circle, This method has very poor
resnlution and so could not be used tQ get an accurate deter-
mination of the shape of the beta ray spectra. It is however,

very s:mple and co.venient and makes use of a remsrxably

high solia angle.



In the metiiod of semi-circular focusing the electrons
are bent in a semi-circle from the socurce to the detector.
The method does not feally focus the electrons accurately,
yet electrons which leave the soarce with an angulsr sepsra -
tion of about ten degrees, arrive at the detector'faifly close
together. The‘sepafation at the‘detector varies only as
(1 - cos@)oc § 2, Whére £ is the angular separation of the
electron paths at the source. Thls method suffers chiefly
from this limitation on the solid angle. It also suffers
from the fact thet some electrons may be scattered-inta the
detector. However, since high resolufion can be obtained
and high accuracy in measurements of Hp are possible the
method secemed most desirable. Certain precautions can be
taken against scattering. Many rsdio-active bodies cén be
made with suff.cient intensity to overcome the limitation of
“the solic angle, |

-An electron detector must bs used in Canunétion with
the above types of spectrogrsphs. There are five:types
of instruments for detecting electrons, | |

1) The measurement of the charge traﬁsferred
by the electrons directly. The Faraday
cylinder works on this method.

2) Measurement of the ionization produced by
electrons in an ilonization chamber coupled
with an electroscope or electrometer.

3).Detectlon of the electrons in s clcud chamber

/%gtﬁcgﬁ%gcg%ﬁgr type of spectrograph.
4) Photographic plates.

5) The trigger action which the lonization of



7

an electron produces on the corona discharge

of a gas condensor,

We obviously cannot meke a choice of detector without

some knowledge of the type of spectrograph and of the size

and properties of the sources available, iith the spectro-

graph which we have bullt the solld angle 1s about 1 in 500,

[

‘while the width of the slits is such that the Hp spread thet

i1s measured is about 2 percent of the total Hp.

Let us consider how many electrons per minute are available

from the followlng sourcess

1)

2)

Sb)

The internal‘m nversion of the 2.6 mev gamma
ray of Th. Pb. The sources available at
the California Institute of Technology have
an alpha psrticle activity of about 0.1
millicurie, |

The bombardment of carbon with 10 ?Ma'of 1
mev deuterons, producing radibéaotive nitro-
gen, 10 Ma of 1 mev deuterons ére available
from the pressure Van de Graph in the high
voltage lasboratory.

The radium E which can be collected frbm
1000 me. of radon. This amount of radon

is readily available from the r=don nlant

in Kellogg since as much as 300 mc. of rsdon

can be collected at a single pumping.

The following coansideration will give the order of magnitude

of the effects from the above sources.
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TH.’PB; INTERNAL @ NVBRSION.
Sources avallable .1 mc of A-particle activity
Number of Th Pb /~rays per

& -particle 1/3
Number of d-particles per

min, pér me. _ 2.5 x 109
Internal Conversion coefficient 1.8 x 1079
Solid angle | 2.0 x 1078

Counts to be expected per minute

0.1 x 2.3 x 109 x 1.8 x 1073 x 2 x 107° x 1/3

= 276 electrons per minute

POSITRONS FRUs RADIO-NITHOGEN.
Current of deuterons | 10 #a
Number of deuterons per minute 10 x 60 x 7 x 1012
Approx. cross-section for

formation of N13 at 1 mev 10-25
Acprox. effective layer of

Carbon 1 cm air equivalent
Approx. effective layer of |

Cerbon contains | 6.1 x 10%1 x .0012/125

6.1 x 1017 carbon atoms.

Solid angle . 2 x 10793
Approx. fraction of total

number of positrons col-

lected by slit at the

peak of the distribution .02

Counts to be expected per minute at the peax of distribution.
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10 x 60 x 7 x 1019 x 5.1 x 1017 x 10725 x 2 x 10% x 2 x 10-2

= lOOOVposltrons per minute

RECOIL ELECTRONS FROM A HYFOTEATICAT 1 MEV GAMMA RAY EuITTED
ONCE PER DLSINTEGRATION BY THE ABOVE NITRUGEN SOURCE.
Range of energies collected by slit

at 1 mev N 20 kev
Loss of energy in Pb. for electrons |

of 1 mev | 1.1 mev/gr/cmg
Photoelectric absorbtion coefficient  .19/gr/cm® |

Counts to be expected
10 x 60 x 7 x 1012 x 10729 x 6.i x 1017 x 2 x 1073 X =
.19 x 2 x 10%/1.1 x 10°
Phols -
= 85 weeeid electrons per minute

RADIUM E ELECTRONS.

After about two weeks 1000 mc. of radoh,v(half;life
3.7 days) will have decayed,to_ﬁa D (half-life.of
2500 years) After ten days or so the number of
"Ha B dislutegration, (half-1life 4 days) is equal to
the‘number of Ra D disintegratlons. To calculate
the number of Re D disintegrations we must take

the number of Rn disintegrations per minute'and'mul-»
tiply this by the retio L/ €p.p, where ¢ is the
half-life, Thus there are 3.8 x 107 x 60 x 10° x
4/2.5 x 16° x 5.6 x 10° Ra E disintegrations/min.
Again taking the solid angle of 2 x 1079 and using
the fact that only two percent of the total namber
of electrons are coilected, there will be 760

counts/minute at the peak of the dlstribution,




‘Thus 1t seems that we wlll be able to get some soirces
of continﬁcus beta rays which will give us from 3(C to a few
thousand electroas per minute at our detector, and thet 1f
these souarces have gamma rays we will get from 50 to 5GO
recoll or internally converted electrons per minute.

Now 1f we look at the energy distributions thaf héve been
‘bbtainéd by otnér observers we flnd that the intensity wlﬁhin
1 percent of the usper limit of the spectra is ab@ut>0,25
percent of the intenslty of the peak, sothat 1f we hope to
measure the energy of the u per limit to 1 percent we will,
witn the sources available, have to be able to detect from
one to ten electrons per minute.

Obviously any direct measurement of the charge collected
is impracticzl. To 6btain a microvolt with One‘ekaétron
the wnole detector would have to have a capacity of 0.1 cm

an .
and even with/insulatlon resistance separating the plates

l = . .
“ ohms there would be a leask of one

of the detectsr of 10

eleétr:n per minute.
Tt is llkewise impractical to detect the lonization of

a d ngle electron by means of an ioni;atioh chamber and

amolifier. The 1imi£ of the sensitivity of such a detector

is almost reached in the detectlion of protons which have an

ionizaticon from 50 to 5CC times as large as. that of the electron.

‘-‘D

The limitationg on this method are agaln in 1aft due t the
small capacity of the lonization chamber required, but more
fundamenta.ly to the statistical fluctuation in the filament
emission of the vacnum tubes and to the Johnson (10) effect

of the high resistaices necessary for the grid leak of the
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'first stuge. These fluctuations produce a nolge which is
és gfeét as that oroduced by the electrons in the ionization
chamber.

Although an electroscope of the Lauritsen (11) tyrce, which
measures the ilonization of electrons wi thout vacuam tube
amplitication, has a very small capacity it takes &)me}hundred
of volts to separate the f'ibers, Therefore, the ilonlzetion
produced By a few electrons causes a very small deflection
Which 1s cemparable with the thermal and mechanical changes
which are bound to take place with such an Iinstrument. KEven
it these spurious effects could.be eliminated the ihstrument
would not be sultable for our purpose,since the time necessary
to preduce 2 measurable deflection of the fibre would exclude
the use of radlo-active sources with the same initial intensity
which decay rapldly. when a radlo-active substarice is formed
from a long lived psrent substance 1ts maximum activity 1is
equal to the activity of the psrent substance, but the tota 1
number of radio-active atoms present will e pro@ortional to
its half life. | |

The photographic plaete aifords a very d)nvehlent method
of maasurng—electron intensities. It reculires veryvlittle
guxiliary spparatus and can be left wi thout aijustmentbr care -
for very long times. Furthermore it is possible to record
the intensity at several values of P, and tﬁus~of Hp, for the
same :field setting.

However, the intensity of the sources avallable prohibits
the use of the photographic method for our work. To make

a visible blackening, 10° - 107 electrons per sq. cm. must



fall on the plate. Thus it would be completely impossible
o examine weak sources.

There are normally_105 - 10° grains developed without
exposure, Lf these grains are removed, without fix ng, and
the plate redeveloped without any exposure, another 102 - 107
grains . are developed. Thus even a microscopic examination
of the plate will be of no avail until it has been exposed
to . 10° - 10% slectrons. For high energies (greater than 2
million volts) the sensitivity of the photographic plate is
even smallcr because more c¢lectrons must ﬁhen fall ba the
plate to make a graln developable.

Thus although some of the ne thods described are not with-
out possible asplication to our problem, in evsry case they
would mean stretching the sensitivity beyond the sociat which
is practical anda reliable,

Therefore, we have decided to use the triggef tyﬁe Qf
detector, a Gelger pocint or wire countsr. In the Gleger-
Muller (12) wire counter there is a cyllndrical metél cathode
and an axial wire with a potential difference of abhut 1000
volts between them, The o unter is gas filled and the
ionization produces a small and short corona discharge.

With the proper counters and an electrical circuit this dis-
charge stops in about 1074 or less seconds. The disdrarge
can be made to produce a large change of voltage on the grid
of a vac .um tube. The details of the voltages.and counters
and amplifier will be described lster. Here weiwant simpiy

to point out the advantages and disadvantages of theknethod.



One disadvantage of the method is inherent in the fact ..
that it detects the lonization rather than the electrun itself.
Therefofe the counter chamber must contain some gas ard must
thus be separated from the spectrograch itself by a thin
foil; Thus there is always a lower limit to the energy
of the electrons which can be detected.

Secundly, although the efficiency of the counters.is high,
and:caﬂ be made to be about 95 percent, this efficiency is
" to some extent a function of the w ltage on the counters
and the pressure of the gas in the counteré. Th@refore,
these quantitles must be kept réasonably ® nstant. ~ The
degree to which the w ltage must be kept constant depends
on the counters. Some have a "plateau" in their w ltage-
senslfivity curve which is as great as 100 or more volts,
while in others this pisteau 1s negligsble. Although there
~are some understsndable rules for tne'COQStrdctidn of counters,
they are famous for thelr erratic behaviocur.

Thirdly,.in Gleger @ unters, as 1in the instrumenfs we
have described, the cosmic radiation, local radio-activity
and tre 3’-rays from the source are detected as @etlvas the
effect we are messuring. Since the "packground® is subject
to statistical fluctuations, it is difficult to measure effects
wﬁich are orders of magnitude smaller. The-"background" varies
considerably, but is about 1 count per minute per cc. of
volume of the counter, Since it is difficult to make extremely
small counters work reliably, the backgrounds are usuaily 15
to 30 counts per minute, Thus for e background of 20 per

minute we must take a 35 minute run, to be 80 percent certain



that a count of 21 per minute 1s not a statlstical fluctua-
tion.

However, thnls bac«ground can be cous;derébly reuuced 1if
we measure only those electrens which are travelling in given
direction, This directional sensitivity can be-obﬁained
by measuring only tbe coincidences between two or more counters.
The definition of the direction and thus the lowering of the
background 1s greatest when the two coinclidence ® unters are
far apart. However, since the electruns emerging from the
spectrograph are emerging with an sngular separaﬁlon of
about ten uegrees, it 1is noﬁ practicai to define the direction
more precisely Than ten degrees. Thus for our purpose the
use of colncidences reduces the background to about 4 ner minute.
with thl.s background we can be 80 percent certain that a count
of" 5 per minute 1s real after © minutes,

ihis discussion may give a scmewnat misleadiné imoression
of the ease with which asccurcste results can be obtained.

i

it should be pointed out that "80 percent certain” 1s not

very certain, and that any statistical discaSsion presupnroses

the constancy of all non-random effects, such as the value

of the magietic field and the sensitivity of the counters.
These more or less guaslitative consliderations determined

our cholce of spectrograph and detector to semi-circular focus-

ing am Geiger-Muller counters respsctively.



MAGNET

SPECTGRAPH




o
.

APFARATUS

Construction
The Spectrogranh consists of
1) An electro-magnet to deflect the ele@troﬁs.
2)'An evacuated chamber or box through which
the electrons bravel. |
3) Geiger-iuller coincidence counters.

The Magnet

The dimensions and the shape of the magnet are shown in

Flgure l.M“”The maximum field'o£talnable with the 2% inch
With a 13" gap the field is about 3000 gauss.

gap is about 2200 gauss,/ With a redius of curvature of about

19 cm. we can focus electrons of 1% and 18.5 mev with the

large and small-gaps respectively.

As ghe digpersion of a spectrograph depends s;lgly oﬁ
the product Hp, and the resolution on the arrangement of dlits
and on the source size, these factors do not enter lntd the
considerations oﬁ%he slze of the magnet. Two factors influence -
us to reduce this size, 1) the difficulty of pr ducling
enough flux to maintaln a uniform field over a large area,
and 2) the linear reducti~n of the = 1id angle with the
radius of curvature. The fact that this rediction is linear
is due to the focuslng properties of the spectrggraph,

On the other hsnd, it 1s possible to shield the counters
from the gamma rays given off by the source only if the
spectrograrh is snfficiently large. i}th a source that gives
about 70 recoll electrons per miggééfﬁi? we assume anh absorb« !
tion cbefficient of 0.4 cm‘l, we would get ten quahta per‘

-minute at a distarce of thirty cm. through thirty em. of Pb.
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‘ ‘in the second place, with a\iéﬁéwéafn length, it is more lively
scattered by '

that electrons which are :/ the slits near the source
will finsally be deflected so as not to reach tue counter.
It is, however, primarily in order to be sble t remove the
source from thecounters that we have sacrificed the Sﬂiid
angle and have made a fairly lerge s-ectrograph with a p
df 19 cm., Not only the gamna rays actually produced by the
soﬁrce, but in the case of continuous bombardment, the X-rays
" and electrical cisturbances at the target can thqs more easily
be kept from affect&ng the counters. |

The area over which the flield must be uniform can be
‘materia:ly reduced by limiting the pole pieces to the paths
that the electrons will follow, Dr. H. Lyman (13) at the
Univergity of Californis, had made such e magnet and had
found that the field was sufficiently uniform. The role
pleces of our spectrograph are pieces of Armco electfolytic
iron -2 inches thick and bcunded by concentric seﬁi—ciréles
of 23 and 15 em. radius. The Armoo iron was used for the
pole faces because 1ts extreme purity eliminateé the possi-

bility of the local variations of the magnetic permeability.

~

The rest ofthe magnet 1s made of mild steel.

The area of the pole faces 1is ébout 68O‘cm2, while the
afea of the core is only about 200 e, Iﬁ is important
that this difference be large for the shape of theylines of
force near the edges of the gap, and thus the edge correctiQn

to the mgnetic field will change with the field if the pole

pleces are allowed to approach saturation. The shape of the
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' ’iines of force near the edges of the pole pileces will change
only slightly with the\field, unﬁil, near saturation the per-
meability gprroaches unity. The fact that the core of the
magnet limits the flux and thus prevents'the saturatl on of
the pole pieces guarantees the proportionality of Hp with the
H that is measured at only one point of the fleld.

In order that the fleld be uniform along the path-of
the:electrons the pdle pleces must be strictly paraliel.

" when they are made parallel to wlthin a mil, we have verified that
the field elong the 19 cm. radius varies by less thén 1 part
in 500 to within & cm. of the ends.

The field varies by 3 percent or 4 percent over the width
of the pole pieces, that‘is, from the inside to the oﬁtside
radius. Héwever, here again, tﬁe fileld is consﬁant to
within 1 part In 500 over a central region of 4 em. - There-

- fore, in designing the ng, the path of the elecﬁrons was
kept wWithin these four cm. 4
| This is shown in fig. 6.

The END @ RRECTIONS due to the fact that the'field drops
off at both ends of the electron psth, that is, st the source
and at the counter, cannot be neglected. However, Hartree
(14) has shown that by using the integral F-: lﬁlx‘@
wé obtsin an average field for the whole patht The ncn-
uniformity of about 1 percent is only over about 6 percent
of the path length so that the Hartree correction-will be
small 1f not negligible. However, as mentl oned before, the
change in shape of the lines of force at the edges wiil not

be very grest, thercfore the varlation in the Hartree correction



15,

_f at different fields wili be altogether ned igible. We m ve

not used the Hartree integrasl %W calculate the f:eld, but

simply have used its existence to justify our procedure of

calibrating the Hp of the spectrograph by measuning H

at only one point in the fleld. e have used the internslly

converted electron of the Th. Pb gamma ray whose Hp is 10,000

to effect this calibration.

The foliowing table shows some of the importent features

of the magnet.
Table 1 -

Mild Steel (Properties)

Boax 18,000 gaus
HBmax 150 gaus
120
Bmax ?
Magnet

Ares of cross section of core and columns
Area of pole faces

Flux at by o = 18,000 x 200

Field in gap at Bpgax (no stray field)
Magnetic resistance of core and columns

Magnetic resistance of 2g" gap

Total resistance, R

200 com?

630 om®

3.6 x 106 gaus cm®
5,300 gaus
5.4 x 1079
7.4 x 1079

1.28 x 1072
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Table 1 cont.

Coil

Number of turns

Resistamc e

Maximum current without overheating
4Tné = 1/10 x 30 x 1350 x 4

Flux at maximum current

The Evacuated Box

:1550

1.83 ohms
30 amps
4.85 x 104

3.8 x 106 gaus cm

Fig. 5 gives the detalils of the box for the spectrograph

that we are using.

Its essentiel features are:

1) An entramc e for the electrons at the source

and an exlt slit for the electron at the

counter,

2) An essentlal defining slit near the.source

and a few baffles to help keep'the scattered

electrons from reaching the counters,

3) Aluminum facing to reduce the scattering

of the electrons which hit the edges of the

bafiles and the sides of the box.

4) A means of evacua ting the box.

5) A means of measurlng the field near the

péth of the electrons.

6) A gate to keep the emitted electrons from

reaching the source when necessary.

The source holder is made of aluminum.

The inner

2
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xéluminum ring cen be screwed so as to clamp a cellophane
window., Thersource may be placed either above or below
the cellophane window. Since this window slows the electrons
down amnd, af low energies of 100 or so Kev, actually absorbs
some of them, it 1s best to put the source in the vacﬁum
under the Cellophane;  However, for short 1life sources this
is impractical. During the time taken to pump down.the box,
thé source wilil decay;

The slit pieces and baffles are thicker than re cessary
for most of thq@ork that we have done. However, they were &
made toick with the view of examining 10 to 15 mev spectra.
The slit pieces 1 and 2 are arranged so that no direct par-
ticles can get into the body of the box. They have been spaced
so as to limit the aistribution which would be due to a
monochromatic line to the width of the slit at the counters.
This slit is 2 percent of the radius of curvature. |

The usefulness of the remaining baffles is sémwehét
d@ubtful. All the necessary definition can be obtained with
the first slit and the a)untersiit. Howeﬁer, émnce there
can be so msny electrons bouncing arcund the source;half of
the box, especially duringcontinuous‘bombardmsnt of a target
with an A.C. tube, we have out some baffles in the source-half.
We hsve left them out of the counter-half aé they probably
do as much harm by scattéring electrons into the‘qounters
as they do good by preveubting scattered ones from entering.

‘Henderson (15) has tried a very elaborate system of such
bafflesvand reports little difference in perf@rmance.with.and

without them.
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The aluminum faclng is 1/16 inch thick and is screwed
on to all the brass surfaces which are exposed tc the electrons.
The baffles andsaits are mounted on aluminum side pieces +
-and can be tsken out of the box as a unit.

‘The box 1s evacuated through a large tube on one éﬁd by
a Hyvac pump. then the box is tight this pump brings the
pressure down to 10”% mm. of Hg . At this pressare electrons
make on the average less than one collision with aﬁ air atom
(redius 1078 cm.) during the entire path length.  The d ance
of any arprecl able scattering of a 100 Kev electron-by the
‘ gas 1ls therefore negligible, the nucleasr radius being about
10°4° cm,
| Te measure the pressure we use & small disd arge tube
and Ford spark coil. We have fognd, by using a McLeod gauge,
that when the vacuum becomes "hard" for this discharge tube
and coll, the pressure is about 10”4 mn. of Hg. Wéxdo‘not
need to know the pressure accurately, but only réquiré that
it be 10W‘enough.

One side of the brass box is soldered to the edges of the
box and tne othér slde 1s screwed und waxed. The éolder,
however, breaks,'for although the baffles inside givé same
support to the sides, the bending upon evacusation is

sufficient to crack the solaer. Therefore both sides of the

box have tc be treated with wax and shellac. Some skiwaxes,

consisting of shellac and beeswax have been found better than
ordinary shellac. Although the box can be made tight, it
is not very well designed for this purrose. The screw holes

are not separated from the vacuum, so not only do the screw



vheads have to be waxed or = ldered but the holes under tle
screws fill up with air if the box is lef't open for any |
length of time, It then tukes a corresmondingly long time
to pump the box out again. Some sort of tongue and groove
joiﬁt with the groove inslde the screws would,have~pré§ed
morecoivenlent. |

we heve 1lncluded a gate in the box but have seldom used
it; heving always found it more convenlent to reduce, incresse
or reverse the field. ’Part of our hesitation to use it is
due to the fact tnat it is badly placed. | ithen the‘soufce
emits gamma rays these rsys cah eject recoll electrons from
the back side of the closed gate zand these electrons could

then enter the counters.

Field Measurements

We heve not made any absolute messuremerts of the field
ér thebradius of curveature, p, but lnstéad hove celibrated
thevspectrograph with electfons of known energy. e have
used the electrons of Hp = 10,000 emitted by the internally
converted 2,62 mev gamma ray of Thf Po. Since ] is always
the same with our appératus, the ratio between Hp and any
linear meas .re of H which we find convenient ﬁill be a
constant,

We hasve mounted inside the box a smsll seafch ceil which
1s as neer as pqssible to the path of the electrons. e
cannot nut 1t in the path since it would scatter  the elebtrons.
This search coil is free to rotate thfough'18oo, and is conmected
with a long rod to another similar seerch coll which turns

inside a long solenoid, The two o 1ls are connected in
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series'with esch other and a galvanometer. The current through
the solenoid is adjusted in magnitude and direction until
there‘is no deflection of the gelvanometer when the colls
are rotated thr.ough 180°. The current which satisfies this
adjustment is what we have taken as the linear measure of
our field. The‘fielé.inside the solenoid varies linearly
with the current through it, and the e.m.f. developed by the
search coils is a 1inéar function of the fields they tufn
in. There is a variable shuntiang resistance acfoas the
galvanometerAwhlon determines its senéitlvity and proves‘
convenient In finding the magnitude of tne field énd in‘
protecting the gazlvanometer When the fleld is tufned on énd
off.

If tne shape of the search coils and the fields%hrough'
which they turn were ldentical the galvanometer mifrbr would
not move at a true balanée. Ve weré able to obtain this
conaitirn only a;proximately; with the result that the‘gal—
vanometer, even at true balance, deflects first to one side
and then tQ the other finally oming to its original position.
Therefore, although in principle the accuracy of this method
of determini ng relative field strengths is limited only by
the accuracy to which the current through the solenoid is read,
in our case the accuracy is. wot better than 0.3 percent.

If the time auring which the search colls sre rotsted Were
extremely short compared to the period of the gelvanometer,
the inaccurscy would be very much reduced.  Iln our case,

however, the searcnh coll in the box is rotated through the

f

packihg gland of a steam valve so that it 1s Jdifficult to



 "snap" 1t around.

Figé. 5 and © illustrate ocur field measuring devices.

To obtaln a direct reading measure of the field, we have
~taken tne field coiis out of a small aluminum-cased D.C.
motor. IThis fleld-less motor is placed in the field of the
magnet and rotated by a ~20 v, 1/3 h.p. synchronous'mofor.
The e.m.f. generéted by the fieldless motor is then messured

on e D.C. volumeter vhich is In series with 2,000 ohms.
The voltages vary from 1 to .5 volts. We have calibrated
this device agalnst the searc: coll and strangely enough,
that 1s desplte the lron armsture of the motor, the voltage
it develops is proportionél to the current through the sole-
" noid. Infortunstely, the pfoportionality factof varles.as
much as 4 percent with the past hlstory of the magnetic field.
We were not able to place this motor geunerctor in between
the pole picces becawse 1t 1s too bulky. Insteadee have
Jab 1t In the stray field on the top of the megnet. This
stray field alth ugh in general orcportional to the‘fiéld in
- the box probably derends sowewhat .n the p:rt of ﬁhe hysteris.is
cycle which ﬁhe megnet hes gone through. - .

This variation does not\matarially limit the accﬁracy
or convenience of this direct readling flux meter. 1t merely
necessitates a single calibration against the search colil
after each radical cnange in the leld.

The errcr in ﬁhe energy determinati@ns arises from two
insccuracles.

1) The lnaccuracg in the fleld measurements
amouating to not more than 0.5 percént.

2) The difficulty of determining the position



of 'a 1line or bzw. the end of a/%-ray spectram,
The second inaccuracy varies from experiment ® experiment,

depenclag on the care with which the head or experimentsl

1limit 1s measured.

We can base our callbration on elther the head or pesk

of the line from the Th, internalily converted electrons.

The two different calibrations would glve the value for the
minimwn value of Do of the value of p. at the middle of the
slit respectively. The peak ususlly falis 1.5 fo 2 pércent
behind the he:d of the line, devending on the source widths,
(see Fig. 16). wWhen wevwlsh to get the energy of é'line
from its peak we will have‘té usze the flact that fhe peak of
the internsl'y converted line, Hp 10,000, 1s at the field
which 1s balsnced by 0.uv8%2 amps tarough the solenoid. (Figs.

16 and 17).

Vie heve used the head of the internsally converted line (0.99 amps )

for our calibratlon siace the gositioh of the peak of the
photo-line 1s complicated by the fact thet electrons are
generated in a'finite thilckness of leasd. This “heaﬁ"
callbration gives a Valué to the eﬁd coint of coufinuous

betae-ray spectra which may be an under estimation of the erergy

by ebout 0.5 percent. Thus the errors in our energy messure-
ment will at most be 1 percent.,” This error, of course, has
n>thing to do with the qguestion of scattered electrons. It

concerns only the mechanical acts of reading meters and of
extrapoleting graphs.
One check on the accuracy of our fleld measarements 1s’

sfforded by the energy of the recoiled electron from the pe

3
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e énnihilatlon raaiation of the positron. The energy of the
radiation is 0.,5107 mev. Subtracting the X-ionization pdtent
of Pb of 90 kev, we get for the expected energy-of the recoil
electron 0,421 mev. The observed value is  @.420. This agree-
ment.is well within the experimentsl error. ’

The Counters

A geiger-Muller coﬁnter co nsists of a cylindrical céfhode
and a concentric wire sn-de. The action of such a counter
ls probably as follows:‘ when an lonizing particle enters
the counter, the positive ions‘?re drawn to the Wall and the
electrons are accelersted to the wire. These accelerated
electrons produce further ionizetion and also excite o me
of the atoms. There results thercfore, a small gvalanche
of electrons to the wire. If this were all that occurred
the charge coming to the wire would be propoftional.to the
ionization of the incoming particle.- If the potential dif -
ference 1s not sufficlently great, this 1is effeétively all
that ha-oens. Counters in this conditi-n are called propor-
tional counters and are frequently used to detect the ioniza-
tion of heavy part.cles. The lonization collected, although
proportional to the primary lonization, is often many times
greater, so that the counters are also called multiplication
counters.

However, the stoms which are exclited by the accelerated
electroné give off radistion and this radiation_ejeéts fresh
electrcons from the walls. If the potential differenée is
sufficiently great these photoelectrons will start a fresh

“avalanche. Then the number of subseguent avalanches and thus
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\‘fhe éhafge on the wire will have no simple relation to the
ilonization of the impinging particle. This 1s the action
of the trigger tyce counter. The important thing in this
case.is that the corona discharge which has been set off
does not continue forever. To prevent this from happéning
three cgnditions'can be fulfilled. 1) The chance of knocking
é photoelectron out of the wall can be reduced, 2) the
'poﬁential difference between the cathode and anode can be
" reduced when the discharge starts, and 3) meta—stable states
in the gas, which might give off a quantum and starf a new
discharge after the original one had been quencned,'can be
eliminated. The first is determined by the re ture of the
Walis, the éecond by the circuit, and the third by the gas.
| Many different wall materials ana coatings have been tried.
These include noble metal walls, (16) and oxide and lscquer
coatings. Certain types of oxide coating seem to bé the
best. However, they reguire baking out and red@cing with
hydrogen; They are thercfore only practical with ésunters
that can be sealed in glass. Wie have fouﬁd that a sulvnide
coating on‘copper is quite éatisfactéry. I'he coating is
made by first cleaning the copper in concentrated nitric
acid and then discing the counters in a solution of émmonium
ar 1phide. |

Many different géses snd combinations of gases have been
trieds air, argon, hellum and hydrogén. 1t has been found
however, that the meta-stable states, and thus repeated or
fuzzy discherges, can best be eliminasted by certain éombina—
tions of gases. Fresumably collisions of the second kind

between these particular combinations of gases are responsible



forvthe elimination'of the meta-stable states. Such com-
binastions are srgon and helium, argon and sir, air and alco-
hol. 1 have been told that the combination of argen and
alcohol does not work. |

e use, because of its simplicity, 2 cm. mercury of alco-
hol vapor and 4 cm mercury of air. |

The shape of the gounters undcoubtedly influences-their
performance. ile have for instance never been able“to‘get
counters with plane cathodes to work satisfactorily. (On
the other hsnd Mr. Tomlinson calculated and made a palr of
counters whose walls although they had sl its in them, formed
surfaces of e.ual charge density around the wires. These
counters are made of brass which zoes not coat weil. | They
give a poorer performance than less ideally Shaped ones with
a proper costing.) |

| Ouf cylindrical counters with longitudinal slits in them
do give adequate performance. They have a "plateau" of about
100 volts, It would be possible to make better coﬁnters
by méking%hem of thin copper foil cylinders. But in order
thagfgiectron; go thréugh both counters, and thus register
a coincidence, it would have to go through thfee thicknesses
of copper foil. It would thus be impossible to measure
low energy electrons.

We therefore hsve put the two counters in the same box,
separated only by a very thin celleophane or aluminum foil. -
This foil prevents the ultra-violet light from the discharge
of the oné counter from entering the otner. The box with

‘g pressure of 6 cm. mercury inside is tien separzted from
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the vaduum;in the spectrograph by a cellophane foil
which has only about 45 kev stopping power for electrons.
we have found that cellophane is slightly porous, the porosity
can be eliminated by coating the cellephane with a little
Canada balsam dissolved in ether.

The foil is Waxed in between two brass dises which are
Screwed together and the whole counter box i1s sealed to a
plate on the spectrogra;h box with Aplezon 3 grease.

The Voltage Supply to the Counters.

Fig. 9 shuws the circult of:-this voitage supply. it
conslsts of three units.

1) A trensformer, rectifier and filter.

2) A stabilizer to maintain constant voitage
on the counters when the A.C. input t§ the
transformer varies.

3) A circult which lowers the voltsage én_the
counters when the discharge begins.

With’about 70 volts on the primary of the transformer
the filter delivers about 2000 wlts to thé stebilizer.

The stabilizer is set to give sbout 500 volts drop across
the triode. This voltage 1s theﬂ susplied through a 57
vacuum tube and 10 meg ohms to the wire of the counters.

The action of the stabllizer is guite simple. The plate
current of the pentode, 802, is taken fr.m the fi ltered vol-
tege through a high resistance. The plate of this pentode
is connected to the grid of the triode so that the current

through the pentcde, and thus tnrough its high 1oad resistance
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determines the poteritial of the triode grid.,

The current through the pentode is then determined by the
potential on the grid of the pentode. This pétential_is
derived from a voltage divider on the output voltage of the
stabilizer, from whicn s constant battery voltage is subtracted.
| Thﬁs a small>fise in the current through the w ltage.
divider is amplified by the pentode to make a 1arger.VQ1tage
drop across the triodé.‘ |

With some types of stabilizers (17), an incréase in the
filtered voltage can produce either a rise or fa!'l in the
stabilized voltage, depending on the adjustment of the sta-
biliker. The region over which neither a rise nor .fell is
produced, that is, where the stabilizer functl ons,varieg with
the input and output voltages. Thus for a change in the
output voltage two adjustments musﬁ be mede, |

With our type of stabilizer a riée in the fiitered §oltage
alwéys produces a small rise 1in the output voltage. ‘But
this rise depends very little on the input and output voltages
and is determined chiefly by the amplification factqr of the
pentode. |

With the first type of stabilizer mentioned there is one
Voltagé for a glven adjustment for which dEo/dEf is zero.
Immediately aboye and below this voltsage, dEo/dEf ﬁill be
small end positive above and negative below, where Egy
= the output voltage, and Ep = the voltage &livered by the

filter circuit.  dkg/dEp becomes larger, the further away



it 1is from the balance voltage at which the stabilizer is
operating. For our type dEo/dEf is never zero but is always
smali and positive.

A change in the primary voltage of 10 volts, produces‘

a chenge in filtered voltage of about 200 volts and iﬁ the
Stabilized>voltage a‘Change of less than 5 volts.

The third parf of the voltage suprly is the modified
Neher-Harper (18) circuit in which the walls of the'coﬁnters
are grounded. lhe Neher-Herper circuits great1j redube the
time constants of the counter discharge in comparison with
the conventional high-resistance capacity type of qﬁenching
circults. These latter cifcuits involve resistam es of
101V ohms snd caepacities of 10 or more cm,

lie have used the modified form of the Neher-Harper cir-
cuit fcr two reasons: since the counter can be gréunded
it is possible to put it very close to the exit slit of the
box, "thus collecting all the emergent electrons with é com=~
parativély small counter.  In ewdition the circult reqguires
only one lead from the volbtage supply and'amplifier to the
counters and thus reduces the difficulties of simultaneous
insulation, shielding and maintainihg a low capacity for the
leads.

The action of the circuit, Fig. v, is as follows. The
high voltage 1s supplied to the counters through a 0.3
megohm resistor, a 57 vacuum tube and a 10 megohm resistor.
The tube 1s part of a voltage divider which consists of the

0.3 megohm, the tube and 4 megohms (through a milliammeter)

to ground. Ordinarily most of the voltage drop occurs
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pv“ush button switch in each plate circuit.
The three vrentodes would cerﬁainly crovide gmplé ampli-
‘fication to work the recording thyratrons.,. The triodes
~do nqt add much to the gain of the amplifier but reverse
the sign of the impulses on the Rossi coincldence gircﬁit
and on the thyratrons;‘a negative impulse being reguired.
in each case.
:There are some precautions in building such an amplifier
"which it might be well to set down. |
1) The two branch&&bf the amplifier must be
carefully shielded from each other and
from the output. The need for this pre -
caution is to prevent feed-back and make
it impossible for a strong kick in one branch
of the amplifier tc produce a kick in the
other branch, thus registering a spuplous
coincidence.
2) The kicks must be amplified until they are
strong and as nearly és poésiblé all of the
‘seme slze, before they act on the two Rossi
coincidence tubes.
Theréction of the Rossi cifcuit is best when both tubes are
completely quenched. If the tubes are slways quenched by
the kicks, the thyratron bias can be set parmanently and~does
not have to be varied for different csunters. The impulses
of the ®unters may vary for a number of reasons, The size
of the kick depends not only on the capacity and thué on the
dimensions of the counters, but also on the voltage on the

counters, or rather the amount this voltage is raised above
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lﬁhe threshhold for trigger action. During fast counting

the vdltaée on. the counter may not always return to its néxi—
mum value before another ibnizing particle entérs the counter
Therefore, for some of the kilcks the voltage above thg thresh-
hold will be smaller and the kicks correspondingly-sméil.

Of course for extremely fast counting some of the électrons
may enter before the voltage is riseh o the threshold and
thus not be counted at all. Thils we will discuss later;

We have provided thfee output terminals to the amplifier
so that we can, if desirable, record simulﬁaneously‘the‘singles
and coincidences of ﬁhe two coﬁnters. It is occasionally
desirable to make such a simultaneous recording in order to
test the eificlency and peffcrmance of the Gieger_couhters.

Due to geometry, that is, to the fact that we have hot
made the top counter large enough to admit all the electreons
through its slit, the top counter registefs only‘one;half
as many electrons as the bottom counter. Iir Ei am1 Eo
are the number of electrons in the top and bottom counter
minus their common cosmic ray bacxground Ei/Eg is £,

On the other hand the efficlency of the counters; is high.
Almost all the electrons which go through them are countéd.

If N is the number of coincidences then the efficiency 1is
(N/E)z wherq/E; is the number of electrons wich go through
both counters. For our counters the efficliency is ab§uf

¥b percent.



THE REU KDEK.

We have used a more or less standard (19) circult for a

scale of eight recorder, The Cenco counter moves one dlvi-

three
sion for every eight impulses and the/neon lights interpolate
between O and 7. To interpolate one simply adds the numbers(1,2,4)

under those neon lights which are lighted.

COUNTLING LOSSES.

When toeo many electrons are entering the Gleger counters
per minute some of these electrons are not regisfered on
the recorder. These counting dosses can arise in two Wéys.
1) If two impulses arrive in very fapid succes-

sion the second one is simply ignored snd
produces no effect on any part of the record-
ing devices.

2) The second ilmpulse is not counted,~but»is
also not ignored. It lengthens the récovery
time of some part of the recording sjstem.

If wé have the first type of losses, then when we send
more and more electrons into the counter pér mihute, the
number recorded will at first increase, then reach é broad
maximum an@ finelly decrease. 1f, on the other hand, our
losses are of the second typé, the number of particles recorded
aé thhe number of electrons increasses, will also increase until
blocking sets in. Then no particles will be recorded.

Gelger counters when actuasted by a Neher-Harper circult

and Thyratrons are of the first type. The second imoulse
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x“ié cémpletely ignored.

Vacuum tube amplifiers and méchanical recorders are of
the second type., The second im"ulseimakes them insensitive
for a protracted time. |

since we are gsing a Neher-Harper circult and sincé the
mechanical recorder is slowed down by the scale of eight,
dur losses will be of the first kind if the time constants
of‘the vacuum tubes are shourt compared with those of_the
thyratrons. ouchh is the case.

L. I. Schiff (1Y) has given a simple method of correcting
for losses with recorders of the first type. Udi'ng hls method,
we have constrﬁcted a curve giving cur losgses as a function
of the counting rste. Fig. 12.

From this curve it can be seen that when counting at
the rate of 1,000 per minute we fall to record about. 5 percent
of the electrons entering the counter. in,practicexwe'have
not ecunted more then 500 per minute, |

For high counting rates Schiff's method is probably not
applicable to our amplifier since the time constants of
the amplifier are not ned igibly short compared with those
of the thyratron recorder. This can be seen experimentélly
by bringing a stroag source of gamma rays close to the counter.
The recorded counts at firsﬁrincrease, come to a maximum
number oer mlnute, and then decreesse, shou ng that type
one losses are bredominant. However,vwhen the soﬁfce is
moved stlll closer to the counters, the'counts sﬁddenly
cease, showing that type two losses are also occuﬁ.ng. When
the output of the amplifier is connected to ear pvhones instead

of to the thyratron recorder, the oo unts per minute seem to
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éteadily increaSe, without passing through a maximum, as the
source 1ls brought nearer the couhter. Finally they stop alto-
gether, showing that the guenching and the type two 1osses
oceur in the amplifier, not in the recorder, as 1s to be

excected. -



PART II
BETA-RAY SPxCTRA

Experimental distributions.

in tuis part we‘will present the results of our investi-
gations of the spectra of several radlo-active eleﬁenté.
Qe havé re—examinéd with some care the end point of the
Th C-C', P2 and Ka E distributions. In adaltion we will
giﬁe the data that We‘have thus far obtalned on the”speCtra
of radio—NazB and radio—NlS. This data is still incomplete
but throws considerable light on the nature of these two spectfa.

Th C-C! |

The spsctrum of the thorium bodies hes been examined by
Gurney (20) and more recently by Henderson (21). | Thé'energy
and the intensity of the group of internally converted electrohs
of the 2.62 mev. gamme ray of Th-Pb have been investigated
chotographically by Kllis (22).

Henderson measured the end point of the Th C-C' and
Th ¢" - Pb s@ectra in order to determine more accurétely'the
energy emitlted around the two branches of fhe thorium branch

point. = The two branches follow the sequence:

ThC! 4
5
ThC///z SSonep
e

* ot

The alphe perticle ensrgies were determined by Lewls
and Bowden (23) and the beta upper limits by Henderson.

They are:
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ThC-C' 2.25 mev, ThC-C" 5.20 mev
T™hC! ~-Pb 5,95 ™The" - P 1,79
11.20 mev. 7.99 mev.

Since the energy expended by alphe and beta disintegra-
tions around the two Eranches is not the same, Henderson
énd Ellis (24) assumed that the ThC"-Pb beta disintegration
left the Th-Pb nucleus exclted to the remaining 3.20 mév.
This assum-tion proved reasonable since, émong the gamma
rays of Th-Pb there are two of:energiés 2.62 mev, and of
0.582 mev, Thelir energies add up to 3.202 mev, in'goed agree-
ment with the expected excitétion of Th Pb. |

Fig. 14 shows a portion of the curve which Henderson,
with a megnetic spectrograph and goincidence counters, dbtained
for the end point of the ThC-C' spectrum. The spectrum
descends stecply, seeming to end at 2.55'm§V. ,At 2.55.mev.
there is the line of the internslly converted electroné from
the 2.62’mev; gamma ray. It is noteworthy, though, that
the counts do not go to zero between the end of the Spectrum
and the lihe.

Henderson ascribed this background to scattered electrens
and to recoil electrons produced in the source and in other
parts of the spectrograph. Yet this explanation is' net
wholly satisfactory for several reasons: |

1) If the scattered electrons are nuclear
electrons from the beta ray spectra, it is

strange thzt their distribution should



+0,

stay nesrly constant and then suddenly stop.
There are no scattereda electrins beyond the
line.

2) If the scattered electrons are internally
converted electrons they & ould bfoaden the
line. One might expect more of them,to‘
be closer to the line.

3) If the electrons are recoil Compton electrons
from the source one would expecf to find a
minimum in the  counts between the internally'
converted.electrons of 2.53 mev énd the maxi-
mum possiblé energy for the Coﬁpton electrons
of 2.39 mev, Furthermore if they are Com pton
electrons their number should depend on the
nature of the source.

- 4) If they are recoilsrfrom other,parts of the
spectrograph, it 1s surpridg ng that their
mumber is so great. The area_under the
flat part of the curve being of the same

~order of magnitudé as the area uhder the line.
In addition one would expect to find rewm il
electrons which were emitted at some point
of the box above the line as well as beicw it.
The Institute has a source of Rd-Th suspended in a porous
iron oxide gel, which hes been prepared by Mr. McCoy. - This
source emits thoron which escapes through the gel into the

air. The thoron then decays to Th A and Th B. The Th B,

being ionized, can easily be collected on a negatively charged
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) plate.' In thi s manner a source‘of gbout C,1 mc of 8.6
cm alpha particles can be collected. (Mr. Langmuir has
measured the number of these 8.6 cm alpha particles.  The
branching ratio ThC'/ThC" = .65/.35, so that the number of
Th ¢" - Th Pb disintegrations corresponds to about 0.05 mc) .
Vie have uséd small stalnless steel piates of 1 or 2 mm by 17
mi . The stainless steel is advisable because the highly
" ionized condition of the gas areund the Rd Th gel-corrodés
any other metal so badly that the résultant Th Bisourcés
are no longer thin but are buried in layers of oxide. The
Th B decays with a half-1ife of 10.6 hours., Te 6btain'sources
mounted on cellophane, a strip of cellophune was}waxed on
the top of the steel plate and subsequently removed.
Pig. 16 gives the curves we obtained for the end pdint,

of Th C-C' and the 2.53 mev iInternally converted eiectrons.

a) a 2 man. stainless sﬁeelrsource} | |

b) a 2 mm. cellophane source

c) a 1 m. stainless steel o urce

c) a 1 mm stainless steel éourcé ﬁounted in

the gir above thevcellophane window,
A11 the other sources were mounted in vacuum below the window.
In our case, in agreement with Henderson, the cognts do

not drop to zero between 2,25 mev and the interngl conversion
line, Our spectrum does not entirely resembl%his,sinée our
resolving power is greater. Our line is narrower and we

have resolved the L- from the K- internally convértcd electrons.
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- The ratio of counts to the height of the line 1s the
same for the stainless stesl source, and the cellophane source,
showing that the effedt we are interested in is not due to
recoll Compton electrons from the source holder. FurtherQ
more, in no case 1s there a decided minimum betweeﬁ}thé tail
Qf thevliné (2.45 mev)'and the maximum energy of the‘Compﬁon
electrons (2.39 mev). ‘
e performed one éxperiment not shown in the figures,

| to find out if the counts between 2.25 and the line_inéreased
when the pressure in the box was increased. The reéults are
negative, showing therefore, that 1f the electrons ére scat -
tered, they are not appreciably scattered by the gas in-the
box. In Fig. 16d, the peak of the line is shifted back about
10 kev. This shift is about what we expect., 2.5 mev e1ectrons
lose about 2.1 mev/gr/cm? in water. In a mil of ceilaﬁhane
’they w uld then lose ¥ kev. The CountSAdPOp quite rapidly
to zero above the line. The counts between 2.25 mev and
the line seem to be almost constant, tapering off a 1ittle
near the line., |

In view of these facts we can be reasonably cértain that
these counts are not associzted wi th the interhal nversion
line but are a tail of the nuclezr beta-ray s ectrum ofiThC - C',
This tail may be real or it may be due to the scatta’ing of
electrons by the baffles and slits 1in cur box.

(If most of the electrons, between the end of the spectrum
znd the line, are Compton recolls from the source holder,

we would still have to sccount for the electrons between 2.38
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'@ev.and the line. it 1Is possible that there may be an
"internal Compton effect™ as well as internal conversion (27)
or "internal photo effect", By this "internal Compton
effect" we mean a Comoton effsct for Which.momsntum.wéuld‘not
havé to be conserved between the electron and the } —ﬁéy
gquantum alone, but in which the nucleus of the atom emitting
the quantum would get some of the momentum. The.ucper limit
of the "internal Compton" electrons could then be the energy
of the | -ray, E, , raﬁher than Egguey = 2 Efg/mcga— 2By
the upper limit 1mposed by the gnergy—moméntum relations for
the "external' Compton effect.

Dr. Phil. Morrison (25) has calculsted the maghitude‘af
tiils internal Compton effeqt. He find#%hat it 1s only about
5 percent of the lnternal conversion coefflcient, A ;-and

would be spreéd over an energy range of about 100 kev.

" _ Number of K-internal photelectron
. Number of ;7 -quanta emitted.

The theoretlcal magnitude of the "internal Compton effect' is
so small tls t we would not detect the efféct.

The fact that we get the same distribution of electrons
as Henderson, and the fadt that the energy of.the end point
of the Ra E spectra and P52 spectfa which we have messured,
(see Pagé 68), sgrees with the energy determined by Lyman (26),
would indicate that 1t the electrons are scattered by the

baffles, thls scattering is independent of the particulsr

arrangement of these baffles. This independence, with our



éccuraoy, ls of course possible but seems improbable.

On the other haﬁu,.if the tsil is real the energy balance
eround the two branches of the Th, branch point, wonld, sat
first signht, nc longer be possible, Th. Pb., however, gives
off more (28) than the two gamma reys mentioned before, which
make up the 1eve¥%t 5.202 e v. If we were to assume one of
the 6ther gamma éays of Th. Pb to arise from a stili higher
excitation of Th Pb we could get levels of 3.478 mev or
5.712 mev. by adding the well-established gamma réys of 0.276
or 0.510 mev to the 3.2 mev level. If gh., Pb were left in
such a highly excited state by'ﬁhe branch ThC-C"-Pb we would
have to suppose that more energy wes exnended 1in the ThC—Q' -PDb
branch since this branch lesves Th Pb in the ground state.
Thus it is not unreasonable to assume that the endpoint»of
the/g?b‘ “ ray spectra 1s elther £.03 mev or 2.76 mev. In
the second case we should be able to see the tall of the
beta ray spectra beyond the internal conversion line., . The
lack of counts here is not comlusive evidence against the
exiétance of such a long tall siance this tail could be
very wesak. The 0.276 line 1s comparatively weak and thus
1f the top level of Th Pb is 3.48 mev this top level would
be excited only once in 10 disintegrations. This low inténsity
would sccount for the flstnessand smallness of the tail,

The supnosition of this additional highly excited level
in Th Pb is extremely artificial. It 1s, however, not essen-
tially any more artificial than Henderson's assumption‘of

the 3.2 mev level, It is unfortunate that this rather crucial
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experiment involves at best some artificlality, if not actual

ambigulty, in the interpretation of the experimental data.

LINg SHAPE PrODUCED BY A MONOGCHIO MATIC GROUP OF ELECTRQNS

We have calculated (appendix) the distribution to be
expected due to a monochromatic gamma ray converted in the
K, L, M shells of lead., This distributi-n of course depends
on the slit width and source width, so that we have given
the calculated dlstribaﬁion for various values of these two
parsmeters in terms of the radius of‘curvature. (Fig.'IV)

The sgreement between calcﬁlated experlmentai‘dlstri-
butions 1s guite good as can be seen by comparison with Fig.
16. The theoretical lines seem to be a little wider‘at
half-maximum than the experimentai lines, (Thisvdiffefence
is perhaps due to the fact that the sensitive region. in the
counters may define a somewhat smaller g1t than the élit‘

in the top of the spectrogravh).

NITROGENL®

Nl5 is produced by the bombardment of deuterons according

to the reaction:

N e o nl - 0.27 mev,

+

6] o

NS — ¢l3 v &y » (29)

To obtain our séurces Lauritsen, Lauritsen and Fowler
kindly bombarded a graphite target with 10 M-amps of 1.0 mev
deuterons. 1he deuterons were accelerated in the pressure
Van-de-Graf (30) and subjected to magnetic analysis.  The
granhite target was about 5 mm. thick and the bombarded sur -

R
fece was S x 17 mm. "he deuterons penetrate a layer 2.5
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mgs/cm2 of the graphite target which has a stopping power
of 25 kev for électrons. Thus, especially since most of
the activity is produced nearer the surface, i.e. by the higher
energy deuterons, cur source 1s a very thin source ofjposi;
trons and is suiteble for determining the shape offthe—pOSi -
ﬁronbs@ectrum. |

he half-l1ife of N1© is 10.4 minutes so that most of the
' sodrcea were bombarded for about 15 minutes and theh quickly
transferred to the magnetic svectrograph. - They were mounted
on top of the cellophane il to obviate the rumping down
ef the box for each source, The sources produced by the Van-
de-Graph varied ccnsiderably in strength but were all very
strong, gilving, vhen fresh, from 1,000 to 5,000 cdunté per
minute at the peak of the positron distribution.

HMethod of Plotting ‘

The distributions obtained are given in Figi,ia, 19, 20.
For éacn’scurce readings were taken at the same three values
of Hp, 2000, &750, 5000, and the intensity of all_the'sources
was then brought to a common standard of 1,000 countsper minute
at Hp = 3750. Bvery reading had fo be corrected for the
decsy of the source. No readings were taken ét counting
rates grester tnan 500 per minute, in order not to necessitate
a correction for counting losses. It is difficult to esti -
mate the true statistical error, because of the enormous
variation in the strength of the socurces due to the initial -
variestion snd to the decay. Instesad we have indicated the

number of different readings taken at eacn coint. These num-

bers give a rough estimste of the reliasbility of each point.



REL
NUHJE:
PER |UNIT
HP

. s

4

NITROGEN
POBITRONS
T

L + ¥ J—\.L et e e —

1000 2000 aoogp 4000 5000 6000 7000



NITROBEN 5]
POSITRONS

REL e 3 1 . P S U N S N S
NUMBER

e —

800,
|
|

1300 1400
KEV

1500

+ T v
200 400 KEV 600 800 1000 1200



é?.

Most of. the readingé are for 2 minute..intervals.
Discussion of Positron distribution
Fig. 18 1s the observed number of counts plotted against
Hp., =~ Fog. 19 is the number of counts per unit Hp. Iﬁ is
‘thained by aiViding the ordinates of Fig. 18 by Hp, and thus
correcting for the chahge in dispersion with Hp. | |
 Fig. 20 is the number of counts per unit cnergy.> It

is obtained from Fig. 18 by dividing by 1 + E/mc2 =1 +¢
he < oo
HPAWR) = (1ve) de

de = 2 L)
' IFE

Thus we divide the ordinateé of Fig. 19 by 1+¢ and
multiply them by Hp.‘ |

From Figs. 18, 1Y, and 20 it is clesr that the spectrum
of N9 1is complex, the two constituents being clearly separated.
The very bread maximum of the lower energy coastituent,
which 1is mosf clearly seen in the number-vs.-Hp curve,
suggests that the spectrum may be the superposition of even
more than two simple spectra. -

In the case of N*° as in that of Th C' the'specﬁra,has
a long ¥tail' nesr the ugper limit, extending from sbout 1.2
to 1.50 mev.

c1® rormed by the decay of N1% is also formed by the direct

bombardment of C1% with deuterons according to the reaction



48,

The energy of the proton group of this reaction has been
measured by Cockroft and Niton‘(Sl) and the neutron energies
for the corresponding reaction forming 1% have been measured
by Bonner and Brubaker (32). The best range energy (33)
relstion for protons gives the value 2.30 mev for the dif--
férenCe'in the enefgy libverated in forming atomic €13 by ’
these two reactionse. We would then expect the end péint
of the N1° positron spectrun to be 1.%Z8 mev, since the valu e
2.50 mev was obtained by using the atomic masses. The energy
of the eml-point, 1.56 mev, which we obtained, is in definite |
disagreement with thils vslue 1.28 mev, (We obtained the
value 1.28 from the value 2.30 by subtracting 0.51 mev. for
the rest energy of the positfon created in the nucleus and
0.51 mev for the electron lost from the atcomic shells-dué to
the chenge in 2.) (

| Thebvalue,l.ZB mev, does not corresoohd to the energy
at which the stecp purt of the spectrum flettens out
i.e. to the bveginning of the tail, nor .oes it correépona;
to the ena of 1it, we wounld thus either ha?e o conclude
that neither the beginning nor the end of the tall corresponds
L0 the energy balance, or accept the tall as reél, and find
another explansation of the Jliscrepancy in the energy balance.

Gamma Rays of NlB. |
Richardson (#4) hes reported a 280 kev gamma ray assoclated

with the decay of N1S, This gamma ray probsbly arises from

an excited level in the Cl® nucleus. The decay‘fromer5
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to these two ¢l levels would then account for the cunvlexity
of the N1® positron spectrum.

Wie have looked for this gamma ray by placing the bombarded
carbon target on top of a 0.5 mil Pb foil and examining the
reccil electrons. The results are snown in Fig. 21 a.

The recoils from the amnihilation radi=tion appearvas a sharp
iine; ﬁhilé the gémma rays from N13 form a broed distribution
extendlng from 150 to 300 kev. fhe statistical errors involved
in.this distribution curve are large, but they csnnrt account
for the difference in the shape of the distirbution_of’the
annihilaticn raviation and the 200 kev recolls. We have
repeated the measurement of the recoils from Nazg‘(éee

gamna reys of Naf2, page 57); using a thin 0.5 ﬁil Fb geﬁera—
tor instead of the 12 mil one pr-viously used. The resultant
distribution is shown 1In Flg. 26 b. The photoeffect recoils
from the aanihilation radiation are identical in»distribution
with those obtained from the N1 terget. The Compton recolls
form‘the’broad plateau 1in the recolil distribution. There

is

, however, no additl onal growp of recoils as in the case

of NlB.
Discussion of gamma-ray recoil electrons

in Pig. 21 we have giVen a tracing of the curve which
Richardson has glven for the recolils produced 1n = PB foil
across the cloud chamber. In 21 a the geometf; wido guch
that the positrons were not annihilated at the source.
His curve does not give the true relative lntensity of the
gamma-rsy and the annihilation radiation. From other experi-

ments he estimstes Lhnat the number of quanta per positron



REL
NUM

HP

E
PER

an JJ‘

NITROGEN 13
RECOIL ELECTONS

CRICHARDSON'S DATAD

s It

¢

COPPER 64

]

o

+

1000 2000

g7

1000 2000 3‘000
HP

t t T
o 1000 2000 3000



o
C:
*

iS‘O.4; ln the curves in Hichardson's pacer he hss drawn
the theoretical distribution of recolls for his foil, to show
that his lines are compsticle with a single gamma ray.

e have included these curves because although the 280 kev
recoils, can be explsined Ry one gamma ray their distfibu—
tion 1% so wide that his results could al® be explained on
fhe basis of two unresolved gamma rays separated by about 50
kev. |

In our case it is difficult to account for the broad
grow of 100-200 kev recolls onfthe assumption of a single
gamma ray. The photo recoils from the gamma rayé of this
energy should give an even sharper line than is found for
the annihllation radiation. lhe statistical errors are very
larpe, yet the group is so broad, thet it would have to
be proauced by at least two gamma rays if the measured
electrons are all photo-electrons.

In future experiments we must determine more'accufately
the dlstfibution of the recoil electrons and try to resolve
various groups of electrons. 1f the broadvgrodp is not
resolvable Into several Comp§nentsvthe following‘diécﬁssion
may provide a poss.ble, 1f theoretically lmprobsble, explana-
tion.

(The 280 kev gamma rsys may be qulte largely internally
couverted. The internsily coanverted electrons would get
througn the thin generator which was used with a loss of

abont 110 kev. The Pb K ionlzation 1s 90 kev, and the L



ionization is 16 Kev. These three grouns of electrons

might make just such a diffuse distribution as we have obtained.
The pnételectrlc absorbtion coefficient for the effective

layer of Pb (see page 59) is about 7.107° for the annihilation

radiation. In order that the internally converted eiectrons

'éontribute anythihg to the broadeﬁing of the 280 kev lirne

the internsal cénversion‘coefficient would have to.be.of the

saﬁe order of magnit@de as this ghoto-electric cross section.

Udl ng Morrison's (35) relstivistic formuls which‘negleéts

bilading energy of the orbltal electrons, i.e.:%%: c«! |

gives for

E = 250 kevw

an intsransl conversion coefficlient of 2.5 x 10'5,

Riéhardson reports tnst there are ebout O.Q.quanta ner
positron. Thus an additionel 0.35 internally donvertcd
electrons per positron would account for the appnaximate
equality of the two componeats of the positron speotrum.

The energy =and deéay constant 5f NS are sucﬁ gs to make
1S - ¢ld an allowed transition, i.e. it £alls ‘on the first
Sargent curve. . Therefore, if the two levels in Cl1S aiffer
by the 6 units of angul:zr momentum necessary to‘bring the inter-
nal conversion coefficient to a large enough value, the seme
level in N13 will not decay'with_equal probabilities to
both of these Cl3 levels. The fact that the tWoicomponents

of the positron spectra are of the same order of magnitudé
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‘ éan ﬁe seen from Fig. 20.

If there actually is internal conversion of the 280 kev
gammsa ray, and this will subsequently have to be verified,
the two comoonents of the ovositron spectrum must arise_from

different levels.in N19 according to the following scheme:

. . 0. 500 na/

Vo g-reg | oLl N\ ooy
a2t 155 mevE

D{-_O

0156 Ty 10T
}A-@'—‘b

The excited level in N15 wuld be eitner 0.280 or 0.500 mev
according as the tail wh:.ch we find on the positron spectrum
is scattered or real,

The reaction gCle . HR » oN1S | nl  is ehdéthermic,
g = =0,27 mev, so that the neutron gfoup f'rom thé 0.0 mév
exclted level on N1% would not have been observed with'the
800 to 9QO kev deuterons used by Bonner (36) in determining
the neutron energies. On the other hand the high value of
the beta ray upper limit, 1.6 mev, obtained by Kuric (56)
8s compafed with the value 1.24 obtained by Lauritsen, Fowler
and Delsasso (37), may be due to the greater_bombarding energies
used by Kurie. His sources were mmde by deutercons accelerated
in the Berkeley Cyclotron. |

If the excited level of N1© decays beta radio-actively
rather thon emitting a gamma ray, the level must be meta-stable.
According to the calculation of Weizaker (38) an angula

momentum differerce of 7 would be necessary to give the excited



x NS stéte a haif—life of severald minutes for gamma m diation.
Weizaker's velues are certainly toe high fér low atomic
numbefs. The value &l = 6 which we have found necessary
to account for the internal comversion is sufficiently
large to make the half-1ife for gamna ray decay of'the,‘Nl5
ievcl dommérable>With the half-1life, 10 minutes, for positron
decay.
| There are a number of weaknesses to thli s suggested exclana-
tion and level systgm: |
1) The G.5 mev internally converted electrons
from the N1 excited state should be observed,
thouagh they‘should not give as>strong a.group
as the 280 kev level of €13 since the internal
conversion coefficient decreases with the
energy of the gammz ray, and §incé'positron
decay is competing WithAthe intérnal c&nvcrsion.

It 1s remarxable that both components of the

N

positron spectrum have the same half-1ife
since they are between indepenéent levels
- in both parent and daughter nuclei.
3) It is very improbable thet pretons be cap-
tured with comparable probability in two
states differing by 6 units ot angular

momentum. ) )

P¥ssibility of 019 Contaminstion,

It is possible thet the tall beyond 1.28 mev., is due to
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015 contamination in the grachite target.

015 has a half-1ife of about 2 minutes anc an inspection

unper limit of sbout 1.8 mev. The statistical errors in

the counts of the "tail" are very large so that it is impas—
sible to determine its half-life with any great accuracy.

In the folloWlng table we give some of the datas for the

counts at energies greatsr than 1.3 mev, Lt can east ly

'be seen from the table that a much more cogslstant set of
values 1s obtalnea when the counts are corrected and expfcssed'
in terms of the initlsl intensity of thesource, . _ on the

bssis of a 10 minutehslf-1life than when this correction is

made on the basis of s 2 minute half life.

Source B count/min sge of ‘corrected for decay
above source on the bssis of
background in min. 10! 21

: ’ half-1ife half-1life
1 l.4 mev., 7 8 12 112
12 14 30 1530
1 l.26 17 1 18 . 2s
12 0.5 17 ) 80
2 1.37 9 11 18 430
18 14 2000
3 1.4 8 6 12 - 64
4 1.5 10 1.5 11 17

The intensity of the sources was in the ratio 2/4/2/2.
When the sources were fresin no counts in the tall were
greater than 20 per minute for any of the sources used.

Therefore, the counts of 1C0 to 2000 obtalned by correcting
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. on the basls of a 2 minute half-life are impossible.

From the data in the above table we must o ncl ude that
the "tail" is not due to 01° contamination. The statistical
errors are so large, however, that it>is not possible ta com-
’pletély exclude the possibility of this contamination’f

-

without further experiment.

SODIUM22

Nagg

is a radio—aétive positron emittgr decaying to Ne2€
with a half-1ife of sbout % years. Its spectruﬁ has not
previously been examined in detail. Rough ebsorbtion measure-
ments glve an upper limit of about 0.5 mev. (40). |

It can be made by tne bombardment of magnesium with deuterons

according to the reaction:

1

The sample thét we have used Was.genérously,supplied
.tO us by Louis Alvarez. 1t was made by 2000 AL?ampere hours
bombérdment ofldeuterons from the Berxeléy,cyclotron. Dr.
Don Yost sepsarated the Na<2 from the magncéium and prepasred
it in the form of NaCl. s have mounted a thin layer
of this NaCl on a strip of cellophane 2 x 17 mm. to use as
a. source for examining the energy distribution of the emitted
positrons,

Fig. 22 and 23 show the distribution of positrons. Fig.
22 gives the observed distribaition plotted agaLnSt Hp and Fig.

23 gives the distribution per unlt energy.



dopiuN 22 E ND
POINT

REL
NUMBER
oY T
ENERGY Fle.

POSITRONS . 244

200]

1601

° 100 200 300 400 500 sbo



D0 .
Discussion of Fositron bListribation.

The distribution shown in Fig. 18 and 19 both sugegest

thet the positron spectrum of Na®< is not simple but is made

up of two spectra, the peak of the two distributions differ-
ing by about 50 kev. The higher energy spectfum wouii have
to be CO]SldCPBbly weaker&nan the lower energy one to. account
for thb sha _.e of the letrlbutlon. The two componentﬁof
‘the distribution are not clearly resolved as in the case of
g1, The distribution thet we have obtsined might‘equally
well be the shape of a‘“simple" spectrum. There is however
~a hump in the distributien {indicated by the arr: >w) vwhich
sugg sts & complex spectrun, If this hump were‘instrumental
or stetisticel, that 1s, if in reality there wers no such
nump, then the true dlstributicon would hsve to miss about

six adjacent intervals nesr the pesk of the distribuﬁ.én.*r

- e e mm wm o e e e mm mm me we e e e em mm oam e as ms e - an wm  me me e o

* The errors given in Fig. 18 are what we have called the
0.8 errors and are about twice the probable errors.

The 0.8 errors give an interval such that the chance of
the true value lying within the interval is 0.8. = For the
probable errors, the chance that the true value lies within
the interval is O o

L. I. 3chiff (41) provided the folloW1qg convenlent table,
Let P(&N,N) be the probability that the true value of a
guantity determined by N counts lies between N + & N and
N - & N. If x 1s defined by o

AN = x /2N then x 1s glven for different
values of p by _
I3 .9 .8 o7 5]
be 1.16% . 906 7353 JATT
If the N counts are obtalined by counting for T minutes the
err;r in the number of counts per mlnute will of course be
& N/T

The values of x given above are the limits of integration
on Gauss's error integral for which the area under the error
function is equal to P. is

In using the .8 errcrs, therefore, it/gliite unlikely that
the true distribution fails to pass tnrough more then two or
three of the intervals out of every ten p01uts.



140 .1.

oo

60

20

S0DIUM 22
POSITRONS

Fle 24

2.6



" The omission of a smazller number of points might, of course,
alter the -shape of the distribution but it would not chenge
the necessity df assuming either an unusual shape for a simple
spectrum or that our distribution consists of fwo sp ectra,

The Ferml (42) plot of the distribution, shown in Fig.'
“4, supports tie e nclusion that there are two Spedtra‘whos e
uﬁper iimits differ by'about 100 kev. This Fermi plot
indicates that there is still a third and weaker épedtrum
whoée upper limit 1s 0.6 mev, The interpretation of this
"tgil" is open to the samé ambiguities as those'ﬁhat wé,have
discussed in cennection witn thé Th C-C' and the N13 spectrum.
The Fermi tneorj may be far from correct so th«t we’bannot
place tco much weignt on its implications. Even if the
tail is real and not instrumental, we would not be forced
to consider it as due to an independent spectrum.  Our whole
distribution may be that of a simple spectrum despité the dis-
tinct commonents indicated by the Fermi plot.

The Gamma Rays a&f Na“®

To investigate the gamms 1mys emlitted by Naggrwé used a
thick target (all of the avalilable samgle).on top of a 12
mil lead strip, 2 x 20 mm. The NéCl was held invplace on
the lead by wetting it with some very dilute shellac. This
lead recoll electron generator, has a stopping power of about
700 kev. so that electrons which are generated in the tov layers
of it will be slowed down by the 1ead>and thus be mesasured
as electrons of from 3C0 to 700 kev less energy,ldepending
on thelr initisl energy. Thus the lead generator acts as

a "thick target". For the purpose of finding gemma rays,



L

4

t — i !
soDIUM . 22
RECOILS
) | . mMIL PR FOIL
b ,

counTs
PER Fis 28 .
uIN 420 809 1.008 LI90 1288  MEV.
200, ! ! | I I

180 |

100

80

—t N -+ ; —

2doo T 3000 we' “4ago T sdoo T sdoo0




whose energy 1is to begin with completely unknown, such a
thick target 1s much more satisfactory, since the exlstence
of a‘gamma rey 1ls then evident over a broad range of field
settings.

lie have examined ﬁhe spectra of the rewmil electrons up
to 6 mev aﬁd have found nothing above 1.% mev. The distri -
bution is given in Fig. 25. = From this figure it'is'cleér
that there are two gamma rays at about 1.3 and 0.5 mev,.

The second of these is the annihilation radiati@h fromvthe
positrons.

Discussion of Kecoll Electron Distribution.

The apparent complexity éf the recoil electfon spectra
is due to the fact that for one gamma ray we get two grow s
of photoelectrcns and a wide band of Compton ele ctrons.

The two grows of photoelectrons are due to the photo—effect
in the K-shell of Pb and in the L-, M-, VN‘-‘-, fells of Pb.
Thc'ionization potentials are K = 90vkev, i :' l5,k§v,

Mi « 3 kev, N1 = 2 kev. The photo-effects from the L,

M, N, shells are not reselved. ‘

At first sight one would egsecﬁ the photo-effect distri -
bution te give & sharp rise in the number of counts 90 kev
(the K- ionization potential) below the energy of the gamma
ray and thatithe number of counts woula then remain enstant
for lower energies. This picture is only aoproximatély true
for the 1.5 mev gamma ray and is not at all true for the
0.5 mev annihilaticn radiation. The exvlanation of the

dropping off ef the numbeér of counts al lower energies is-

as follows:
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Thé Hp interval which is ceolle cted at any value‘@f Hp
is about 2 percent of that Hp. Therefere, even if the dig-
tribufi@n of electrens against Hp were constant there would
be avllhear decrease in the number recorded. This 1incar‘
decrease in the number of countsgan'be seen in the case &
the 1.3 mev gamma ray;. In the case of the 0.5 mev gamma
ray, another effect also ® ntributes to the decrease in the
number of ceunts. If al any value of Hp we cellect'abband
| of ele ctrons which have lost 2 percent of thH s Hb thesé electrons
must have been ejected by the ggmma ray from a layer of léad
whose thickness is justrthat in which electrons 168612 per-
cent of thelr momentum, Hp béing proportional to-momentum.
This thickness is of course a function of the momentum of
the electron. For high energy electrons the range varies
almost linearly and not very rapidliy with momentum; while
- for low energy electrons this variatibn is much mbre rapid
and is no longer linear (43). Thus 1f we considered é sur -
face layér of Pb, of thickness t, such that electrons will
nave lost 10 kev. in tH s layer,and then ® ngider a layer
in the Pb, at a depth, x, of thicknéss t, the-eleétrons from
the front of the layer will have travelled avdistance x while
those from the back will have travelled a distance x + ¢t,
These two groﬁ:s will now differ in energy by much more than
10 kev. By the time they have reached the surface,layer
t, they will have both been slowed down say to 0.3 mev; 80
that in the same layer, t, they will now lese much more energy.

Thus at 300 kev, not only “do we collect a smaller spresd of
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‘ﬁoméntum, but electrons with the same spread in momentum
have been geheraﬁed in a much thinner layer of Fb than thbse
at 500 kev. |

Relative Intensity of 0.5 mev and 1.5 mev Gamma Rays.

.The distribution shown in Fig. 21 wes obtained‘wiﬁh,a
1 mil copper foil-separating the counters from the vacuum
in the spectrograph box. This foil has a stopping power
fof electrons of about 150 kev ® that‘some of the electrons
at 420 kev were absorbed in the foill. These 10Sses would
have to be corrected in determining the relative iﬁfensities
of the 0.5 and the 1,3 mev gamma rays.

It is extremely difficult to correct for these losses
since they arise from two different processes. Some of the
electrons are actually stoocped or reflected in the foil
while others are merely scattered. The data on absorbtion
therefore obtained by other men such as Madgwick (44), or
Varder (45), or Schonlsnd (46), is not spplicable unless
they notyonly use the same absorbing material, put élso
collected the electrons with the same solid angle as we do.
We therefore, tried to calibrute our foll by using the nown
relative lateansity of some of the low energy Th C and Gﬁ
gammsa rays. The internally converted electrons from the se
gamma reys have beéen measured photographioaily by Ellis (47).
They are, however, superimiosed on a verj Intense continuous
bete ray}spectra and 1t is therefore difficglt to obtain
relisble intensity measurements with counters.

Wwe, therefore, sbandanea the effort to calibratebour

GOppér foil snd insteed replaced it with a cellophane foil
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with s stoppling power of 40U kev and repeated the 1 asurements

on the intensity of the photo-effect for the two lines.

Our results are given in Fig. 26. The thick target completely

obliterates the Compton effect from the 0.5 mev annihilation

radiation.

To. colculate the relstive intensity of the 0.5 and the

1.3 mev gsmma reys we must take into account the following

fects:

The calculations

2

mce

1)

Actua

426 counts/min.

-208 counts/min.

218 %

10 kev

©

Width of

The photo-effect is different for the two
energies. | -

The spread invﬂp is different for the two
energles.

The layer of Pb in which electrons lose the
same smount ofvenergy is different.

Two quanta are emitted for every positron
annihilated. |

are glven below,

1 intensgity of electrons,
1.3 mev
FPeak of X Line 142 counts/min.r
Head of K Line - 65.5
76.5 £ 2.9
eneréy bend collectea by sli@

at one field setting

26 kev
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Calculétion of relative intensity
of 0.51 egnd 1.3 mev gamms rays (cont.)
Energy loss per cm, in lead

for electrons of

ggg 1.5 mev,

1.45 mév/gf/cmz‘ ' " 1.1 mev/gr/cm®
Layer in wnich electrons lose

10 kev - 26 kev

6.9 x 10°° mgs/cm2 24 x 107° mgs/cm?

Photo-electric coegfficient

by Head's empirical formula.

1.018 | 0.188

Number of 1.3 mev guanta per 0.51 mev guanta -
76.5 x 6.9 x 1.018/218 x 24 x ©.1388 = 0.55
Number of 1.2 mev quanta per positron.
2 x 0.55 = 1.1

In tH s calculation the differew e in tie en guler aniso -

tropy of the photo-effect at 1.5 and 0.5l mev has not been

taken into account. This correction has becn omitted becauce
it will be small, The PFb generstor is in conbact with the
¥82< and thus subtends a large cupgle.

The ratio of the number of 1.3 mev quanta to the number
of positrons 1s then 1.1 t 0.1,

The ek ctroscopic acitvity of our Na®2 source was the

same as that of about 0.1 me. of radium. Ud ng Gurney's (43)
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“value of o gamis rays forreveré alpha porticle of Re, our
sourcevgives abOut~6.lOB, 1.3 mev gamna reys per minute,
Using Kead's value of 0.19 as the photo-electric cross sec-
tion per cm., ani taking into account,
1) Unly one-half of the gamma rays go through
the lead generator. |
2) A solild angle of 5. 1079
3) the electrons are generated in a layer in
which they lose ©6 kev.

4) The gamma rays, since the Na??

is in contsct
with the 1ead,:traverse this 1ayeerbliquely
as well as perpendicularly,

We woula expect to get about 1lUU electrons ser minute from

the 1.2 mev line. Actuslly we get 76, 1The agreement 1is

not very good but is certalnly satisfactory.

Tre last effect (4) wés taken into asccount by multiply-
ing the thickness of the layer of Pb in which 1.3 mév electrons
lose 2 percent of thelr energy by 4.0 which 1is a@proximately
the averége'of cosecant over the angle subtended at:the source
by the Pb generstor. The value 4.5 negleéts the arigular
anisotropy of the photo-effect. |

Summary of Ng<?

If the separation of the two components of the positron
spectra 1s 100 kev as indicated by the Fermi intercepts,
then we should have detected this 100 kev gemmz ray by the
recoil electrons from the lead genersator. Lf, however, the

separation of the two components is only about 50 kev, es
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éuggested by the separation of the peak and the hump of the
digtribution, then these recoll electrons would have been
almost wholly absorbed in the cellophane foil below the
counters. We hove to repeat this experiment in the near
future with a still thinner foil betweesn the counter éng the
box, and also to lookffor oU or 1.0 kev internal 1y converted
'clectrons from the source. If we fall to find elther the
gamma ray or the internally converted electrons it wili;be
difficult to believe the suggested complexity of the -ositron
spectrum,

The comparison of the relative intensities of annihila-
tion radiatlon aund 1.3 mev gamaa rsys 1is of interest becsuse
of 1ts bearing on the process of K-capture.

There are two possibilities for the decay of a radlo-
active positron emitter, 1t may elther emit a ndsitron and
a neutrine vhich share the energy in a COntinuoﬁs ménnef, or
it may capture one of the orbital K electrons emitting a
neutrine of fixed energy. In the first case 0.51 mev of
the decay erergy 1s used in creating tné pbsitrén, while
in the second case an additional 0.51 mev is added to tm
decay energy which 1s carried’éway by the neutrine. Thisg

probability of the
1 mev extra energy makes the/K-cepture process comparsble
that of
with/the positron decay process for low energy spectra, and
in some cases the K-capture may occur when positrqn decay
is energetically impossible.

Willys Lemb (49Y) has calculated the ratio, i, of the
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‘number of ¥ electrons caotured to the number of positrons
emitted. The retio M depends orn the particulasr form of the
coupling of the electron-neutrine field with the nuclesr field:
and in addition, on the change in the total angular momentum
of ﬁhe nucleus agring the resdioactive transition. - Yhe iol-
lowing table gives thg values of M obtained by Lamb usingr

the Fermi and the K-U (56) snsatze, for af = 0, am 1.

These velues were calculsted for sodium 11 snd the upper

1imit energy of 0.5 mev; The exverimental value for the

endpoint of the positron distribution is 0.55 mev,

Tsble 4 v
al CE K.U.
0 1.2 4
1 2.1 - 30.4

Qur velue of 1.1 is in good agreement with the vélué
he has obteined on the basis of the Fermi the@rjwith'éf = 0,
We carmot be certain, however, that thls value éf 1.1
is really the K cavture ratio, for this inﬁolves’the assump -
tion thet the 1.5 mev gamme ray is given off only'ih the case
of K capture. That is, it Involves the assumption thatvwhen
a positron iIs given off the resultant neon nucleus 1ls left
ih the ground state, while when a X electroh 1s captured,
the neon nucleus iz left in an excited state of 1.3 mev.
The remalﬁing 0.5 mev would then be cafried away bj the
neutrine. »

Although this assum:-tion is reasonable 1t is not inevitable,
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The gamma ray may either be assoclated with both X capture
and positron emission or only with positron emission. It
would perhaps be worth while to record the aumber of coinci-
dencesibetween a counter placed'at the source and one collect-
ing the pbsitrans, The number of rsndom coincideﬁceslwoubi
be high but it would Be vossible, with the proper geometry,
to determine whether the emission of a gamma ray were coinci-
dent with the emission Qf a positron. The annihilation
radiation would ®@ ntribute to the random &;incidénces but
not to the true ones siuce & positron would not be both
recorded and annihilated in the target.

e did not periorm this éxperiment, however,‘because it
would have involved a comnsidersble change in our set-up
and becsuse Dr. Alvarez plans to perform a more rm licble one.
He will measure soectrosqooically the amount of nednldeveloped
. by the decay of the Na22 arg comparé this to the number
of positrons emltted by the source. These measﬁfemgnﬁs
will, of’course, rive a value for the K capture ratio which
although probably not very accurate, will at leaét distinguish
between the three possibilities mentloned above, tnué making
definite the acplication of our more accurate value for the
relative gamma ray intensities.

Radium B

In Fig. 27 we have given the distribution of electfons

near the end-point of Ra k. The measured distribution hes

been corrected by aividing the ordinates by Hp. Our end-
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boint of 5350 * b0 gauss cm. agrees with Lyman's (50) value
of 5280 i‘ 20 gauss cm. The shape of our distribution nesar
the end-poiht 1s, however, not the seme as Dr. Lyman's.
Qurs fiattens out considerably more than his, showl ng a more
pronbunced Ttail", The difference, however, is not very
great and is perhaps due to our greater resolving vower.
Phosphorous52

In Fig. 28 we hzve given our and Lyﬁan's (50) distribu-
tion for the end-rvolnt bf the P9 electron spectra. Our
value for the end-point of 7150 gaucs cm..agrees exéctly
with his. In,this case our distribution is steeper than
that of Lyman. But this steepness is misleadlng since
we were unable to obtain a really thin target of P2, Our
sample was made by bombardment with 2 mev deuterbns on the
Berkeley cyclotron and was in ﬁhe form of sodium aCid nhos-
phate mixed with a large amount of non-radioactive pﬁosphate.
In order to obtaln sources of suffilcient intensity tney had
to be 0.05 to 0.1 mm. thick, thus d owlng down the 1.7 mev
electrons about 50 kev, end making the distribution at the
end-point anpear steeper than it really is.

The Ferml and K-U plots of the beta-rsy spectra accofding

to the formula
A > R FW

TS S - M

(m’) - Kﬁ‘* W =T §, M s R
are not very sensitive to the shape of the spectra. We have
plotted our P32 results according to these two methods.
The results =re identicasl with those of Lyman, the Fermi

plot giving a straight line near the end-point while the



K—U pldt is merkedly concave towards the origin.,
.
Discussion of Phosphorousu and Radium E.

The agreement of our value‘for the end-point of PO%
and Ra E with that of Lyman, as we have already mentioned,
gives qonsiderablé credibillty to the tells that we have found
for most of our distributions. At least 1t is hard to under-
stsnd this sgreement 1f the "talls" are Instrumental, since
our spectrogravh differs considerably from that of Lyman.,

On the other hand, in the two cases where an 1nde@endent
value for the energy of the endeoint exists, i.e. in the
case of Th ¢-C' and N13 we have been forced to adopt very
artificlal snd unsatisfactory assumptions about the levels
of the W19 and Th~-Pb nuclei to account for the "tails",
that is‘for the high v: lue for the end point of'the’gontinuous
beta ray spectra.

The Questions and ambiguities opened by this preliminary
work can -only be solved by further experiments.

Yet 1t 1is evident; even from the incomplete set of experi-
ments that we have described, that many and probably'most
beta ray spectrs are complex. 1t is not surprid ng, there-
fore, that tne distributions higlhierto obtained do not fit
the distribution predicted by tne simple theory of Fermi.
Furtheimore, 1t 1s evlident, since the ground state of a radio-
active nucleus can decay to various states of the deughter
nucleus, thst the decay constant depends not only on the upper
1imit and on Z but must very in a somewhat irregllar msnner.

The allowed radicaective trensforvetion with the greatest



energy will, it is true, be the major factor in determining
the decay constant, but the other possible transformation
will slso contribute to the decay of the parent nucleus.

In concluding we will simply enumerate some of the.fur-

ther experiments whicn this preliminery work has suggested.

VALUE CF THE END FOLNT
1) We must obtain/sery strong seuree.of.Psz
or Ra E. It is possible that withva stronger
source we mey find a tail extending beyond
the present value of our end poieﬁ.
2) We must examine the region at the head of
the Th.Pb. internal conversion line. Ve
may find evidence of a tell, produced by
the 1lins itself or being a contiﬁuatioﬁ'of
the "tail" which occurs benind the iine\
3) we must determine more eccuretely‘the helf -
life of the N13 end point distribution, or
see 1f the tail disappears when we use a
diamond, and thus a Nl4 ffee,target.
4) e mus try to find whether or net the N15
tall, snd thus the excited N'° state,
disapnears when the bombarding energy 1ls
lowered. This exneriment is difficult
to perform since the excitation function for
the production of N13 from ¢l2 decreases S0

rapidly with the energy of bombardment.

5) We must compzre the positron distribution
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and the gamms rays of C (52) and 015

with those of NlB. If our value for thé
cll ena point agrees wlth the:valae obtained
from the § of the reaction, a)nsideréble'

credence would have to be given to our value

13 end polnt.

- for the N
6) We must alter the position of the baffles
and the material sround the source to see

if any‘change in the relstive I1nhtensity of

the "tails" and the rest of the distribu-

tion is produced.

GANMA RAYS AND COMPLEX SPECTRA
1) We must look for a low energy gamma ray or

. ) . ¢
internsally converted electrons from PR

to determinewhether the positron sp ctrum
is complex or not.
2) We must try to resolve the broad group of

15 recoil electrons, determine thelr half -

N
life, 2snd in addition look,for internally
a)nvérted electrons produced in fhe source.,
Although the experiments outlined above wiil probably
remove most of the ambiguities that we have considered, the
more genéral guestions about beta ray spectra, which motivateq
our work at the outset, will only be partially esnswered.
Among our future experiments we would 1like to include

an investigation of the high energy electron spectrs of

LiB (57) and B2 (58) and also of ©» me of the allowed and



.ﬁon-aliowed spectre of the heavier elements. We hope that
these experiments will make~cleér the role played by the

many fsctors that determine the shapes of beta ray spectra,
and thus that they will ultimaﬁely throw more 1light on the

nuclear processes in beta-rauio-active transformations.
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- APTENDIX
Calculation of the intenslity distribution produced
by a finite source of monochromatic electrons.

1) POINT SOURCE

In a uniform field, H, electrons travel in a circle of
: rédius, P s, such that:

Fp = me o .pB)E Ly

‘ ! €
where M 1s the component. of the momentum perpendicular
lto He. |

Let us consider only those electrons emitted by the
source in a plane perpendicular to H,.

Let y = 0O be the lower 1imit of the'magnetid field in
which the source and detector are placed. Let the
source be &t x=0  , y = 0. Then we Willrcalculate the
nﬁmber of electrons per unit length failing on thg negative
x-axls. e.g. the blackening along the x-axis of a photbgraphic

plate in the x-z plane,

Re B4l

Phots - plute . N
Counti,, i Sotmce

The equation for all circles going thraugh the source is
(x-2)2 + (y-b)%p P2, with x=p when y = O
or in polar coordinates with the same origin,
(r cosy —a)2+ (r sine -b)? = /)2

when ¢ = O then r =p



so that r? - 2ar + (a2 + DbR) = P 2 or b2 = g2ar - ac ,
Using this value of b, we get, when ¢=1
e + r? + 2ar + a = P @

F= P~ Semer. ~ 30

If the electrons lezve the source at all angles,
with the normel to the plane y = 0O, from b=- -—7’7:’-‘ to

H-+r , the center of all the patns of the electrons lesving

the source will lie on a circle of radlus /3 whose center

is at the source.

b
e——__M L o!

Then a = /O (1 - cos & ). Thus when €= , I = (/9 -2a)=
P2 cosd -1) | |
Therefore, for any value & the electrons emitted at + &
ahd - & will fall on the same point of thevphoto—plate.
For a point scurce, no electrons starting at different values
of |¢l will fall on the same point of the pnoto-piate.
If the antle at which the electrons leave thé source ié
‘limited to some value % by a slit near the source,v' then

the band on the photo-plate will be limited to 2 (1 - cos &5 )



in width. In our case o= 8° and the band is 2 percent
of p . | |

e must now calculste the density per unit:r which 1is
produced by a dcistribution of electrons isotropic in ﬁ‘ at
the .source.

Let the number per unit £ be n

nd & n

The number in dr wlll be = -
dr 2p 8iné-

since r = P (2 cosé - 1)
Thus the density D(r), or the blackening per unit r is

(1) D(I‘) = n &
[4p2 - (r+p )2)%

Let us now consider a source of zero length perpendicular

to the paper and of width ty along the x axis,
For any point, t', of our source there 1s an angle, O',
such thaﬁ r( &O,O) = p( O1gr) ° '
Thus for these values of &o, &' and t.

2pcoslg - P = 2pcosé! - L -t
or t = '-2/°>(cos9’0 - cos :9'1) and cog &' = cosﬁo + 'g','é
As before, the density due to the electrons lesving the source

at (t', & ') will be:

d(rt &) - Bdb - ndt T
(r ) 20 sing! 2/0{1 - (cos&, + t/2 )2\}17—

ndt ' ,
Hars - (v + T~

lowever, the density at some velue of r will in this case

also get contributions from clectrons which leave the
" source at t <« t' and the corresponding - &) &'. For

any value of r there will be contributions ® the density
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for all values of t ¢ tp = P - r. For tg, /' = 0.

Since t ls the largest velue t can take

ﬁ:p-l*
) = ndt R -1 o
D(I’to) = O T_i[) [/ (l” + (0 - t)z}:. = 008 (Pz'rﬁ ) fOI‘ ﬁ— r < to
(2)
to - |
= J ndt . co -1 (P-no. |
i 0 .{4/0 S - (r + [0 > t)d};_:,“VS". \——E}:———. —

-1 (r+ P+ L
cos ( Q) for -r > t
3 r o

We must now consider the distribution produced by =a source
of finite length, 1l,, perpendicular to the plane of the paper
es well as of finite brezdth, to. |

Let us consider only the density slong the center of the
photo-plate, that is along the negative x-axls.  Electrons
with a given ( #,t,M) which start from some point of the
source not on the x-axls will fall on the photdpiate nesrer
the orlgln than those starting with the same (ﬂ’ t M) but

from a point of the source on the x axis.

- £ p | .
i € MAX MUy ° lgo :
F M'Ellsn‘\’

The electrons still have the same momentum, M, but

the projection of M on a plane perpendicular to H is smaller,

Thus the projection of their paths on this plane will be a




_éircle ‘whose radius P < /Jo' “Although the head of the line
will be at -x = Pos the maximuin number of electrons will
fall at a smeller value of x than In the case where jo = O.
Although we will calculate only the distribution along the

-x axie Tthe source will in reality produce a line on the
plate. The head of ﬁhis line will be straight and parallel
t'o the 2z axlis at x = = /00. But the line will appear curved.
At | the center of the line the minimum value for the radlus

of the projected circle, P , will be

While at the edges of thie iine, the minimum value of
will be )Pg - 4}.3 . Thus the maximum density will bé
further from the head of the line, X = -~ P o» at the edges
then at the center. o

We must, to get the distribution along the x axis, add
up the distributions of electruns which leave the sozurce
at different points (’IZ ,,t,). Ve can replac’e-' ! with the
angle ? since thuere 1s only one value of £ for anfy value
of l]’ for wﬁich the ele.c.trons will fall on: the x axis at the
photoplate., Since the electrons are emit'ted lm'trbpically
in ¥ the number reacning the -x axls per un.it £ vvill riot
be constant but will vary as cosYy .

In our case '{o = 5 mm., tog = 2 mm., 2/00«: 400 mm,
We have neglected the variation in cost}" as 4 goes from O
to ﬂo_, i1.e. we have taken the number 63‘.‘ electrons’ emitted
per unit £ as constant. » |

As a further slight approximation we have added .‘together

the distributions due to a source of width tg with radii P
4 1



yarying from p  to m. . More correctly we should
: heve added together tne distrib.tions vroduced by socurce of

width  tg/cos 4 . Here a2lso, we have neglected the

variation 1in cos ¢ end have set cosy = 1.

Setting r = Xp

T o mp
fpE-eg -

we get for the density D(I,’to,f-c)) the following integ I’ulo with
the a,prOpriate limits of integrztion.

D(r,]o, 15) = / (m-'(:‘rﬁ")"[’/o (x1 2 /}TS—"-’

:0“”‘&{7() 7 -

af
B R N R )
-t 2A ‘
[. oo L;_;Tf’_‘) LP _{Cw—(r;£+
fro %) £ /155

(x] & I~m

Thus we get tne followlng expressions for D (:—,t,ﬂ)

‘ﬁ%{m+ )_}

b fe(zat)ly = Pe| )

>
X

ol iieT L

v D(”‘t)éo); £, [C”—’ H‘x\x‘w_lx]kﬁ ﬁ?Z r3 m N 3~x}
~ x

=/”°[cw"p;+1)\ Sc.{'(snc ﬁo;( { TN *(3‘*1 }
(47— x+9™ +(38-%

f"'/ & fiss (x) > 1-m
; , |
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In the curves given in Flg. 17 we have not used these anslytic
expressions for D(gtgé;c) but instead have performed the
integrals (3) graohically. |

in our spectrogréph we ha#e no photogréphic plate but
instead have a slit, The distribution that we obtein will
then be a sort of microphotometer curve of the photographic
plate. 1.e. we must pass a‘slit over the distribution given
by formula (4). This integration we have 8150 done graphi -
cally, determining the area of the density curve under‘the
slit for verious positlous of the slit. ' Ve have taken the
points by moving the slit 0.1 percent of /° at a time.

The scale of the distribution of course varieswith /
getting narrower for smaller £ . ~ Our procedure  of psssing
the slit over the distribution is thus not completely justifled‘
since it neglects tne coatracting of the line as /5 varies
from the outside to the inside of the slit,

In our case tne contraction is only 1 percent of the
line width. As the line width s 2 perceat of A , the con-

traction is negligibie.



6)

REPERENCES .

4) Sargent P, R. 8. A 112, p380
5) Fermi Z.,3. £ Phys 88, plél

Konepinsky and G. Uhlenback Phys Kev. 48, p.7

C.T.R. Wilsen P.R.S. 104, 1 , (1923)
7) O. Klemperer Phil. Mag. 20, 545 (1935)

for more com lete discussion of electron optics see Herzeg
Zs . Phys. By, 447 (1934) .

8)Thibaud C.R. de 1'Acad. de Sei. 197, 447 (1934)
9) Rutherford Chadwick and Ellis: Radintions from Radioactive

10)
11)
12)
13)
14)
15)
18)
17)
18)
18)
19)

20)
21)
22)
23)
24)
25)
26)
27)
28)

24)
30)
z1)

32)
33)

34)
35)
36)
37)
38)
39)

Substances. p.42, (193C)

Johnson: Phys. Rev. 29 367 {1927) end Phys. Rev, 32, 97 (1928)
T. Lauritson: Rev. Sci. Imst. 8, 438, (1937)

Gelger and Klemperer: Zs. f. Phys. 49 753.

E. Lyman: Phys. Rev. 51, 1,(1937)

Hartree: Proc. Camb. Phll. Soc. 21, 746, (1923)
Henderson:P.R.S. 147, 572, (1934)

Moons Journ. Sci. Inst 14, 189, (1937)

R.D. Bvsna: Rev. Scl. Inst. 5 , 371, (1934)

Neher and Plckering: Rev. Scl. Inst. 10,53, (1939)

H.V. Neher and W.W. Harper: rhys. Rev. 49 940, (1936)

L'I‘ Schlff. Phys. lev. 50 88 (1936)

for more complete treetment see H, Lifschutz and Duffendsck:
Phys. Rev. 54, 714 (19343)

Gurney: Rrec. Roy, Seec. & 112, 380, (1926)

W.J. Henderaon: Proc. Roy. Sec. A 147, 572, (1934)

C.D. Ellls: Proc. Roy. Soc. A 1435, 350, (1934)

Lewls and Bowden: Proc. Roy. Soc. A 14b 325, (19858)

C.D. Bllis: Report to the London Conference {1936)

P. Morrison: private @omwnunicstion.

E. Lyfﬂ&n: Phys Rev. bl, 1, (1987)

C.D. Ellis: Froc. Rcyo 30c. 138’ 318, (1952\)

F. Oppenheimer: Proc. Camb. Phil. Soc. 32, 328, (1936)

C.C. Lauritson and R. Crane: Phys. Rev. 45 , 497

T. Lauritsen: Thésis 1939 Cal. Inst. of Tech.

Cockroft and waltonsPrec. Roy. Soc. 144, 701

Cockroft and Lewslis: Proc. Roy. Soc. 154 261,

T. Bonner and %, Brubsker: Phys. Rev. 50, 203,

H. Bethe: Phys. Rev. 55, 434, (1939)

T. Bonner: Phys, Rev. 55, 496, {1937}

J. Richardson: Phys.Rev, 53, 610, (1937) and rhys. Kev, 55, 613, (1939)
S.M. Dancoff and P. Morrison: Phys. Rev. 55, 122,(1939)

F.N.D Kurie, J.R.Richardson und H.C. Paxton: Phys. Rev, 49, 368, (1936)
W, Fowler, Delsasso,=nd GC. Leurixtsen: Phys. Rev. 49, 561, (1936)

C. v. Welzaker: Phys. Zelt. 38, 623, (1937)

Livingston and E. Macmillan: Phys. Rev 46, 437, (1u¥33)

W. Fowler, Delsasso, snd C.C, Lauritsen: Phys. Rev. 49, 561, (1936)



Laslett: ’hys lev. 58, 520, (1938)

Liede sohiff: orivete aomunic&tian.

Fermi: Zs. f, Phys. 88, 161,

Ruassetti: p.68

Madguiok: Proec. Camb. Fhil. Soc. 25, 970G, (192'7)

Varder: Fhil. Rag, 28, 726, (1lulb)

Schonland: Proc. Roy. "Soc. A 104, ©35, (1923) end 1bid, & 108,187, (1425)
F. Oppenheimer: Proc. Camb, Phil. Soc. 32, 328, (19%8)

Shengtone and Shlundts Fnil., Hag. 43, 1036

’WQ amb ¢

E Lyman: Phys. Rev.Bl, 1, (1837)

B, Rosel: HKeture 126, 636 (1930)

s 56) Re Crane, Delsesso, Vi, Fowler end C.C,. Lauritsens
Phys. Rev. 47, 867, (1935) |
Wynh-Williama: Raports on krogreas in Physies. p. 239, (1836)

#ott, Taylor, Hulme and Oppenhmfmers Proc. Roy. Soo. A 144
C.Ds "E11is and N.F. Mott: Proc. Roy. <00. A 139, 339, (1933)




