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ABSTRACT

Radioactive elements of low atomic number have been
produced by the transmutation of various elements from lithium
to fluorine by high velocity deuterons. The distribution in
energy of the electrons and positrons emitted by these elements
has been determined by employing a Wilson cloud chamber traversed
by a maznetic field. The electron spectra have been found to
have maximum energies from 5 to 15 I'EV while the positron spectra
nave maximum energies from ] to 2 {EV. The form of the spectra
has been found to be in agreement with a modification of the
Fermi theory of beta-decay proposed by KonopiInski and Uhlenbeck.
The correlation of the maximum energiea of the speetra with the
energies calculated from the reactions in which the radiocactive
element ig involved is shown to await a more accurate determination

in the difference in mass between the nettron and protone.



RADIOACTIVZ ELIIENTS OF LOV ATQUIC NULBER

The production of radioactive substances has been an accom~
plished fact in many laboratories since the original discovery of
artificial radiocactivity in 1934 by the Cur:ie-Joliots.l Since that time
a rather copious quantity of data has been accumulated concerning the
varied phenomena which are of interest in connection with this compara-
tively new branch of physicse.

Of perhaps primary’importance in nuclear physics has been the
study of the nuclear reactions in which radicactive elements are produced.
It has been found possible to produce artificially radiocactive substances
using alpha narticles, deuterons, protons and neutrons as bombarding
particles. Of great interest has been the study of the probability of
occurrence of the reactions as a function of the velocity of these bom-
barding particles and of course fundamental to the entire structure of
nuclear physics has been the determination of the mass-snergy balance of
those reactions in which particles of continuous rather than discrete
energies are indirectly involved.

An unambiguous interpretation of tﬁe nuclear resction involved
in the nroduction of a radiocactive element is of course only possible
through chemical identification of the element itself. For this reason,
attempts have been made to accomplish this identification whensver
posgible and as an incidental result of thie research there has developed
a new type of chemical enalysis depending on the radioactive character
of the substance under investigation. This fact has made posaible the
successful identilicublion of the minute guantlities of radivactive
elements produced in nuclear procesges.

The physical properties of the radioactive elements which
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have been of main interest are their half lives and the distribution
in snergy of the electrons or positrons which they eject. The half
lives have been found to be of the samé order of magnitude as those
of the natural radioactive substances and in general to be shorter
the greater the average energy of the ejected particles. Also in
common with the natural beta rays all the electron and positron acti-
vitise g0 far investigated show z continuous rather than a digserste
distribution in energy.

In the research incorporated under the title of this thesis,
investigations have been carried out on various radioactive elements
of small atomic number which it has been possible to produce by bom-
barding certain of the elements from lithlum to fluorine with deuterons
of energiss up te one million elsctron volts. The major sortion of the
work involves the determination of the half lives of these elements and
the distribution in energy of the particles which they emits In addition
data will be presented concerning the mass-energy balances of the trans-
mutations in which these elements are involved.

Among the unstable elements both elsctron and positron
emitters have been found. All of the electron emitters of low atomic
numbers are believed to have atomic weights A given in terms of their
nuclear charge 2 by A= 224 2. The elements bombarded in order to »ro-
duce the unstable elements consgst in general of two isotopes of atomic
weighte given by A= 22 or A= 27 1, and it i3 the transmutation of the
heavier of these which ig believed to lead to the nroduction of the
radioactive nucleus. The reaction can be written in general as

I (a) Xzaw - ‘Hz "',!XZifz + ,H' + Q'

where Ql is the amount of energy released in the reaction. Present

2

theories of the betaw-decay postulate the emiseion of a neutrino
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simultaneously with the disintegration electron e”. In order to complete

the electranic structure of the stable atom resulting from the disinte-

sration an extranuclear orbital electron e, wmust be added. Hence, when
wriyén in the form in which atomic masses may be employed, the equation

representing the radioactive disintegration is

I(b)

where z+lY22+2 is a stable isotope of the element of next higher atomic

+2 -
Xz£ PP Y2E+2+e— - eo +'7J +@z
z =41

number. The same isotope is produced in the reesction
22+ A yyZEH2 1
I(C) EX + 'H —-?a+,Y ""on -+ Q3
It will be of some interest to compare the energy released in this trans-
mutation with the total energy change in the first two reactions. This
comparigon is acconplished by combining the above three equations into

the form
I(d) @+ Q,-@ =(,n'-H)-2 =05 mMEV

The vnositro emitters of low atomic number have atomic weights
given by A=22-1 and when produced by deuteron bombardment result from
the transmutation of the lizhter isotope of the element of next lower

atomic number, the reaction being

I(a) X°% + H® — bt e T,

The radiocactive disintegration with the smission of a positron e* is

YZifl

repregented by
ZE ¢! 22+t + -
H(b)*ﬂY —-a-zX + e€" +el t ¥ T T
and the reaction which leads directly to the final stable nueleus is

zz 2z zz+1 '
Ir (c) éx + H® = X + H +T;
The above three equations can be reduced to the form

(4

L) T, +T, -Ty =(H =n")-e* ¢~ v & 1.5 MeV



BXPIRTENTAL TECHNIQUE

The hizh voltage sguipment enployed for the accelesration of
the bombarding deuterons has been described previously.2 In this series
of experiments peak voltages from 600 to 1000 kv and currents of the
order of one microampere to targets three millimeters in diameter were
employed.

Targets of the elements to be disintegrated were placed at
an angle of 45° with the incident beam in a cylindrical holder projecting
into a horizontal ¥ilson cloud chamber as shown in Fig. l. The electrons
or pogitrons entered the chamber through a thin copper foil soldered over
a window cut in the holder opposite the target. A quartz ring, visible
through a glase section of the ion tube, fluoresced under bombardment and
made it possible to direct the beam on to the tarzget. IHovement of the
chamber necessary to line up the beam was permitted by a sylphon iﬁ the
ion tube. In studying radiocactive effects of half liveé greater than
one-tenth second, & megnetically operated shutter in the ion tube was
closed and the anode voltage of the ion gource cut off during the chamber
expansion so that only delayed effects were observed.

The chamber proper in which tracksAﬁere produced measured 15 cm
in diameter and 4 em in depth. A flexible rubber diaphragm formed the
geal between the plston and the chamber walle. Compression of the chamber
7as accanplished by applying compressed air to a sylphon cornected to
the piston by a drive shaft. An adjustable expansion ratio stop and a
dash pot werelocated between the piston and the operating aylphon. The
chamber was operated on a cycle of approximately 16 seconds, the timing
of all the necessary equipment being electrically controlled from a
motor-drive contact systems

The megnetic field in which the paths of the electrons or
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pocitrona were bont in order to make cncrgy determinctions poosible was
provided by a pair of Helmholtz coils concentric with the chamber and
at equal distances above and below it. The magnetic field was measured
with a fluxmeter and searchcoil calibrated in an accurately known field.
Caleculations from the dimensions of the coils yielded values five percent
lower than the measured values, the discrepancy being certainly due to
the imperfeactly known geomeﬁry of the coilse The field was found to
vary less then one vercent across the face of the chamber.

Photographs wsre taken normal to the plane of the chamber.
These photozraphs were reprojected through the same optical system to
actual size and the curvature of the iracks measured by visual comparison
with ares of lmown radii of curvature drawn on heavy white paper. The
succegsive arcs differed in radius by one-half centimeter. A typical

¢loud chamber photograph is shown in Fig. 2.

ERRORS OF IZASUREMENT

The determination of the distribution in energy of the electrons
and positrons is subject to several errors which it is well to enumerate
before considering the results obtained for the various spectra. Of
primary importance is the scattering of the particles by the gas and
vapor in the chamber. ASingle scatterinzs greater than one or two degrees
can be detected and tracks so scattered muet in most cases be rejscted.
Since scattering is inversely proportional to the square of the energy
of the particle, a greater fraction of the low energy tracks is rejected.
Scatterings less than one degree are in general undetectable and cause
a spread in the distribution which is especially troublesome at the high
energy end of the spectrum where the actual number of tracks is small,
The scattering can be greatly reduced by emplcying gases of low atomid

weight in the chamber. However, this advantage is somemhat offset by
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the increased difficulty in accurately me&suring the less dense tracks
gecured in the low weight gasesa.

In high energy apectra a second source of error becomes im-
portant. Thig error arises because it is impractical to disphragm the
electrons emerging from the target so as to restrict electrons of all
energies to the same observational z0lid angle. Since tracks of asmall
curvature can be of measurable length within regiones closer to the target
then tracks of large curvature, the low enerzy end of the spectrum is
favored. However, only iracks of which the radius of curvature is of
the order of the dlmmeter of the chamber or less are so ravorede.

Since stereoscopic pictures were not taken an error arises
from the angle made by the particles with the magnstic field. The
actual partiele energy is obtained by dividing the measured energy
by the eine of the angle with the field. Por observed tracks this angle
is grester than 80°, introducing a maximum error of about two percent.

Precautions must be taken to shut off the beam completely
during the chamber expansion eo as to avoid photographing electrons
ejected froam thes targel assembly DY gamma-rays given off during the
bonbardment. Contamination effects are troublesone; oxygen and nitrogen
occluded in the targste and carbon denosited during bombardment arethe
woree offenders. Additional errors arise from a emall spread in the
logs of energy of the particles as they pass through the foil separzting
target from chamber, from deviations in the magnetic field value, from

imperfect reprojection and from human fallability in measuring tracks.



ANALYSIS QF THZ DATA

The data secured in the mamer described above yield the
numbder of tracks corresponding to a given Hp value where H is the
magnetic field employed andyo is the track radius to within one-half
centimeter. Since the momentum of a varticle of charge e is given by
P=Hpe/c we gecure fundamentally the distribution in momentum of the
particles. The observed particles have lost momentum in passing through
the foil between target and chamber so thaot

He = Ho,y + §(Ho)

where J(I}a) for o Ffoil of known material and thickncas can be caleulated
from the data given in Chapter XIV of "Radiations from Radioactive Sub-
stances," by Rutherford, Chadwick and ¥llis. The fact that 5(}/10)
for a ziven foil decreases with increasing %p necesgitates a small
correction in the number of tracks observed within a given E'{/o interval
in order to secure the correct relative number in that intervale

Since in connection with the production of radiocactive nuclei
the quantities of interest are the average energy, the most probably
energy, ond the maximum energy of the emitted particles we have thought
it advisable to plot the data as a distribution in encrgy. This cen be
done by employing the relations

N(E) AE = N(Hﬁ) AH/o
E=mc? [(H(»Hn»ff-,)‘)v" - i]
= 0.5 [(1 + (£5)*)" —1] meV.

AE ""Cz,—ﬂﬁ"‘ AH/o: 'U'—g;AH/o

E+mcCc*
where my is the rest mass, v the velocity, E the energy and %pe/c the

momentum of the electrons.



THEZORETICAL FORULAE
Tn order to account for the continuous distribntion in energy
of the natural beta~particles and to retain the principle of the conser-
vation of energy in the transition between the quantized parent and
daushter nuclei, Fauli was led in 1928 to postulate the simultaneous
emiasion with the elcctron_of a particle with zero charge, spin of
one-half and small rat masse The name neutrine has since been given to
this particle. The distribution in momentum of the electrons has been
calculated by Fermi’ upon certain assumptions 28 to the coupling energy
between the electron-neutrino field and the nucleus. For low atomic
numbers his result is
N(7e)dne = Cng' 7 dn,
where ;Ls %p/lYOO is the electron momentum in units mye, 0, is the
neutrino momentum in the sme units, and ¢ is a factor approximately
independent of the momenta for small z. A modification by Konopineki
and Uhlenbeck4 enploying a different interaction energy yields
N )dy, =Cnln,*dn,
from the theoretical formulae it is poseible to determine the ratio of

the maximum =znergy to the average energy of the electron or positron.

02 this ratio 1s found to he 2.0 on the

For large energies compared to bich
Fermi theory and 2.6 on the Xononinski-Uhlenbeck modificatione

A correlation between the observed distributions and the
theoretical formulae wag attemvted by Crane, Delsasso, Fowler and
Lauritsend in the cases of Li8 and 70, Professor J. R. Oppenheimer
pointed out that the observed asymmetry of the spectrum was in agreement
with the Konopingki=Uhlenbeck formula and it was found vossible to

gecure by trial fair agreement with this formula. It has since been

pointed out by Xurie, Richardson and Paxton6 that the two theoretical
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formulae can be expressed in the form
i

(e = k(e g )% - o)™)
where & =2 on the Fermi theory and et=4 on the Konopinski-Uhlenbeck
modirication. Thus plots of (N/’(H/o )2)'/"‘ against [i +(H/o/l7oo)2]
gshould be linear for «=2 if the Fermi form of the interection energy
is correct and for a=4 if tbe Konopinsgki-Uhlenbeck form is correct. If
such a linear plot is secured sxtrapolation to the abscissa yields the
maximum value of the elecctron momentum from which the maximum energy can

be comnuted. Such plots have been made for all the data and will be dis~

cusged in commection with the separate radioactive elaments.

ELECTRON HITTERS

The electron emitters discussed in this thesis are distinguished
by short half lives and high energy speclra. The hall lives of 118 ana 312
of 0.5 and 0.02 second, respectively, made it feasible to bombard only before
a short time before expansion in order to effect a saving of deuterium. 1In
the case of Bl2, bombardment actually took place during expansion but runs
made with absgorbers about the target tube shomed that the number of electrons
ejected by gamma-rays was negligible. In all other cazes hozbardment was
continuous sexcept at the actual time of expans;ion and film exposure so that
an equilibrium state yieldihg the maximum number of disintegrations per second
was reached. Alr at a pressure of one atmosphere and ethyl alcochol vapor
wers employed in the chamber. In order to collimate electrons of the energies
found (~ 10 MEV) it would have been necessary to employ lead diaphragms up to
one centimeter in thickneses with consequent large probability of scattering
from the faces of the aperture. For this reason an aperture as large as the
target was cut in the side of the holder facing the chambere. This aperiure
was covered by a copper foil of 0.6 MEV stopping power in the case of gl2

end of 0.5 MEV stopping power in the cases of 1i8 and FZO. The solid angle
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of observation was determined by the illumination of the chamber and was

0f the order of 4T /25, The use of air in the chamber and the use of

large aperture windows, although acting in opposite directions in distorting
the distribution in energy, make the spectra secured uncertain in the low
energy regions. lagnetic fields of 1500 gauss were employed, the maximum

radius of curvature of the tracks in this field being 30 centimeters.

POSI TRON RIITTERS

The positron emitters discussed in this thesis are characterized
by spectra having maximum energies of the order £ 2 iZV or less. The
targets were placed in a cylindrical brass holder of 3/32 inch wall thick-
ness, this thicknese being sufficient to stop electrons of energies up to

LiZV. Positrona of all energics were restricted to the same observational

golid angle by a window 1/16 inch wide in the wall of the holder. The
solid angle was of the order of 4w /100, One-mil copper foil was soldered
over the window. The correction for average locs of H/’ in such a foil
is 100 gauss~centimelers for 100-kilovolt electrons. The low energies of
the positrons also necesasitated the uce of a gas of low scattering power
in the chamber. Helium was employed at 100 cm. pressure with ethyl
aleohol as the vanor. Helium was prefe;‘rred to_hydrogen because of its
larger viscosity and a consequent slover fall of the tracks within it.
Yagnetic fields of 340 gauss were used, the maximum radius of curvature
of *the tracks being 15 cue

In the following paragraphs the spectra and half lives of Lia,
Bla, Cll, 1415, Nm, 015 and F2O will be discuszsed in the order of their
investigation in this labaratory. In addition, work done on the products

accanpenying the formation of these elements with special reference to the

energy balances of the reactions involved will be presented.



g2

flectrons from the disintegration of boron by deuterons were
Pirst reported from this laboratory.7 From the spectrum of 1773 tracks
taken from 1000 photographs the maximum snergy vas estimated to be 11 LEV
and the average enerzy to be 4.5 MEV. From a2 count of the number of tracks
observed for chamber expansion ocecurring at different tines after bombardment,
the half life of Bl‘?‘ wag found to be approximately 0.02 second.

A plot of the data for comparison with the Fermi theory and the
Konopinaki~-Uhlenbeck modification ie shown in Fig. 3. The Konopinski-
Uhlenbeck plot is meen to be linear whereas the Fermi plot is definitely
curved. Due to the uncertainty in the spectrum below 3 LEV the agreement
with the Xonopinski~Uhlenbeck theory in this region mey be fortuitous. It
ia felt, havever, that the remainder o2 the spectrum is sufficiently relible
to indicate a serious disagreement with the predictions of the Fermi theory.
Zxtrapolation of the linear curve to the abscissa yields (1 + N3, )”:—.26.6
go that E_ = 15.0 112V, This value is 1.5 IIEV higher than the energy of
any observed track.

In the original letter it was proposed that the wag formed

812
in the reaction —
H 2 '
M- L —B" + H' +Q
and that it disintegrated according o
BT  C* v e -] +v+ @,
By bombarding the target during the chamber expansion and by employing foils

of approximately 65-cm stopping power, it was possible simultaneously to

observe electrons and the loncest range group (92 em) of the protons first

8

reported by Cockcroft and ‘Walton® from the disintegration of boron by

deuterons. Approximately 20 electrons per proton wers observed and hence

it was pointed out that these protons could not accompany the formation

of B2, Since tmo other proton groups at 58 cm and 30 cm were reported



by the same observers to be of approximetely the same intensity as the
92 ecm group, they were ruled out on similar grounds. A much more intense
group at 9%2 cm. was taken as determining an upper limit for Ql' Some
evidence has since been found in this laboratory which would indicate
that even these low energy protons are not produced in guantities egua 1
to the disintegration electrons. In any case Ql'ﬁ 2.5 MEV.

The two reactions given ahove were compared with

,—B" ¥ .Hz ‘—'GC‘z + onv + QB

wherse Q, was taken as approximately equal to 13 MEV in accordance with

>
unpublished measurements made by Bonner and Brubaker. The masses proposed

by Bethe® yield Q;=12.2 + 1.3 20V, Upon caleulation of Q, it Was found that
BT 2,07 + 1l MEV

and upon comparison with the observed values of E"m x ~11 LEV and

a

k) av4~'h.5 MEV it was concluded that the energy lost by 812 in disintegrating
into ¢12 correaponded to the upper limit of energr of ths electron spectrume.
In a recent paper, Froc. Roy. Soc., 154, 246, 1936, Cockroft and
Lewig do not confirm the existence of the 9% 2 cm group reported by Cockroft
at the London Conference in 1934 and fail to find protons of intensity
comparable to that of the elsctrons from pl2 down to ranges of 2 cm. The
gnort range particles observed in the cloud chamber in this laboratory are
probably the continuous distribution of alpha-particles with maximum
probability at 10 cu reported by Cockroft and Lewis. iith this new data
we have Ql < 0.9 BV and Eﬁmax Z 1540, a value with which the Konopinaki~-
Uhlenbeck limit is consistents The large energy involved in the electron
gpectrum and the fact that only the mass difference between the neutron
reached above
and the proton was made use of nlaced the couclesionAwell beyond the

limita of experimental error, provided only that the reactions assumed

were correcte A similar conclusion had been reached by Henderson'® from
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a very precise but less direct experiment, namely, a comparison of the
change of ensrgy around the two branches of the Th ¢ to Th D sequence.

Ag will be seen later, this result is important in connection with the
ensrey consideration of reactions involving the production of positron
emitters where more accurate experimental data are available. It will be
assumed in the subseguent mnaterial that the difference in mase of a radio-
active element and the resulting product ie given by

ciam =E*

e ——
max + € e, +7

In our previous notation we can therefore write Q2==E'

= I
max and T2 ~ ma

x.

Svidence for a very small or zero neutrino mass will be presented later.

138

In a Letter to the Zditor of the "Phyeical Review," Crane,

5 shored the distribution in energy of

Delsasss, Fovler and Lauriteen
1646 electrons obtained from 1000 cloud chember photozraphs of tracks
obtained by bombarding a lithium chloride target with deuterons. 1t was
shown that the major portion of the spectirum could be rerresented by the
Konopinski~Uhlenbeck formula if the waximum energy was assumed to be
glightly zreater than the end point ziven by inspection at 10 MEV. The
agreenent between the observed and theoretical-distribution is clearly

Y

shomn in Fiz. 4., From this plot, the maximum energy is found to be 11.2 IV,

8

Tae formation of Li" was atiributed to the transmutation of Li7,
the reaction being
7 z 8 !
L7+ H* = 1% + H' + Q
Disintegration of the 118 was believed to result in the formation of BeS or
of two alpha-particles according to
8 ® - -~
gL ,Be’ t € e, + 2 +Q,
or

SLi8 = 2 He* +em - e

-4

+ v + Q)
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Yeasurement of the half-life of the Lia by counting the number of tracks
obgerved for chamber expansions occurring at different times after bom~

bardment yielded v = 0.5 second.

The nrotons belleved to accaupany the formation of 118 were reported
by the authors in Uovember, 1955.11 3y observing, in the cloud chamber,
protonsg emitted by lithium oxide target under deuteron bombardment at 700 kv
peak two distincet groups were faind at 31.7 £ 0:5 cm and 26 £ 1 cme The
longer range protons were first revorted by Cockeroft and Waltona and were
shown by Oliphant, Shire and Crowtherl? to be due to the transmutation of
L16 by deuterons into 1i’. The 26-cm particles were equal in number to
about one-fifth the number of the longer range particles and mere found to
correapond to the numbsr of slectrons from Lis within a factor ﬁf two or
three. Their energy was given as 4.5+ 0.1 MEV yielding Q= 4.5 £ 0.1 MEV.
Jpon comparison with

sLi7 + H* — Be& +_n' + o,
whare Q5==l&.5:k 0.5 ¥V from measursments made by Bomner and Brubaker,* we

can calculate that Q,=10.5 # 0.6 1ZV which corresponds closely to the

maximum snergy of the electron spectrum.

720 -

Upon bombardment by fast deuterons a calcium fluoride target was
found to emit slectrone of aporoximatesly one-half the maximum energy found
in the casea of lithium and boron. The spectrum of 1363 itracks obtained

from 800 cloud chamber photographs has been publiched previously.5 It was

found possible to adjust.the Konopinski-Uhlenbeck curve with end point at

5.2 MEV to the observed data although the end point by inspection allowing

for scattering seemed to be at approximately 4.8 MZVe A graph of the data
for comparison with the Konopinsgki-Unlenbeck theory is shown in Fige. 4.

Four tracks of much greater energy than the remainder of the tracks have
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been omitted as they wers thousht to be due to minute contaminztion of the
target holder by lithiium or boron. Fram this plot we find that T°___= 5.9 MEV.
Jeing an ionization chamber we found the half-life to be about 12 seconds.

In looking for the wotons accompanyinz the formation of 720 we have
observed two gzroups of pdrticles with ranges at 15.5 and 10.0 cm from
calcium fluoride under deuteron bombardment at 900 kv. The group at 15.5 cu
ig umost certainly due to carbon or deuterium deposited on the target during
bombardment, while the groip at 10.0 cme could be due to oxygen adsorbed on
the target. HZowever, protons of this last range have not been observed in
the same quantities Ifrom other targets under deuteron bomberdment. These
protons have energy 2.5 * 0.2 MEV so that if they accompany the formation of

FZO in the reaction

g F:lQ + ‘}12 — 4 F-zo + 'F‘l + Gﬂ
#e have Ql-—' 1.7 ¥iVe Using thies value and ‘5‘19-";‘].9.004115 me find Fe0= 20,0084,

20

The disintegration of Fgovresults in the production of MNe=“ according to

gF — Ne* + e~ —e; +v +Q2
from which the mass of Ne20 is calculated to be 20.0021, This value is

14

aporoximately 3 MEIV higher than the value given by Bainbridge™” when corrected

to the scale of masses proposed by Bethe.

Since the discovery of 315, the first artificially produced
radioactive element, numerous attempts have been made to measure its half
life and to determine the maximum ensrgy of the positrons which it emits.
Recent measurements by Allisonld at Cambridge give the half life as
10.3 £ 0.3 minutes in agreement with the original value 10.3 minutes given
16

by Crane and Lauritsen.

In order to secure accurately the shape of the spectrum and to
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zet a fair estimate of the maximum energy we were promted to eliminate as

far ag posgible scattering and solid angle distortions in the manner described
vreviously., The distribution in energy of 1762 tracks from 3000 photographs
secured by bombarding carbon with 700 kv decuterona is shown in Fig. 5. By
inspection, the maximum energy appeers Lo be 1l.20 MEIV. The Konopinski-
Unlenbeck plot in Fiz. 6 is seen to be linear while the Fermi plot is
definitely curvede The maximum energy from the Konopinski-lhlenmbeck plot

ig 1.45 £ 0.1 MTV, A eimilar linear plot and the came maximum energy has

been secured by Kurie, Richardson and Paxton at Berkeley.”

An analysis of the effect of errors in measurement casts some
doubt upon the siznificance of the apvarent agreement of the Konopinski-
Unlenbeck formula with experiment, If the upper portion of the NB spectrum
were actually a linear curve extending fram 0.5 to 1.1 MEV as one wight be
led to believe from the form of the curve, then the tail of the curve could
be aseribed to observational error. A ourve of the form

N(x) = K (Epay —E) = — KX
can be shown to be tranefomed by Gaussian errors with oprobable error

b
d=0,477/" into a curve with the expression

K hxZ KX thz z
= e”"" - ZX [l— =) e dx]
NG = —— =

Fmploying this equation we have found thet a probable eror or deviation of

six percent weould account completely for the observed tail of the curve.

It is felt that deviations of the magnetic field, scattering, and other
errors yield a spread somewhz=t smaller than this, but certainly a number
of the tracks with energy greater than 1..1 MEV can be accounted for in this
waye There still remains then some uncertainty In determining the value
of the maximum energy from the observed distribution in energy.

This problem can of course be solved by an investigation of the
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energy changes in the reactions describing the modes of disintegration of
carbon by deuterons. The reactions ere
LT T = N ol T
3 13 . —
7N — ‘C + & + eo + 2/ +Tz
eC* + H® — ' + H' + T,

The above reactions have been discussed by Tuve and Hafstad,lB by Newaon,lg

20 ond by Kurie, Richardson and

by Bonner, Delsasso, Fowler and Lauritsen,
Paxton. !
8ince the bombarding potential enters into the experimental

determination of T, and 'I‘5 e have thought it desirable to measure the

1
energy of the protons and neutrons produced by incident deuterons of the
same energy under identical experimental conditions. BEuploying a cloud
chanber filled with methane the energy of the recoil protons meking an angle
of not more than 16° with neutrons produced at right angles to 880-kv peak

1 1o exténd from 0.10 to

deuterons nasg been faind by Bomner and 5rubaker2
0,35 MEZV. With these data they calculate T; to be -0.357£0.03 MEV. Te
have measured the residual range of protons ejected from a carbon target
at 00° £ 5° with the incident deuteron beam. The protons passedthrough a
copper foil of approximately 5 cm of air stoppinz power (9.6 mg/cmz) into
an air-filled cloud cimmber employing ethyl alcohol as a vapor and operating
at an exvanded pressure of 116 ca of mercury at 28°C. The mean stopping
power was taken to ve 1,50+ 0.05 from the range of polonium alpha-particles
observed under the game conditions. The range of the well-lmown alpha-
particles fran the reaction

L7+ H — z He* + Q
w28 uged for calibrating the foil. With the value Q=17.06 * 0,08 NEV »
ziven by Oliphant, Kempton and Ei).z't.herf<:>z'd""‘?"2 it was calculated that these

alpha-parti cles should have an extrapolated range of 8.8 cm when produced
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by 6350-kv protons. From the data of f!.ano25 corrections were made for
the variation in stoppinz power of the foll with the veloclty of the
particlass. The abscissa in Fig. 7 revresents rance in centimeters of

air dnder normal conditions of pressure and temperature. The distributions
in range of both the alpha-particlse from lithium bombarded by £50-kv.

peak protone and from carbon bombarded by 600-kv peak deuterons are shown,
the greater sensitivity of vroton ranges to energy contributed by the
bombarding varticles beinz clearly evident. ZIxamples of the tracks from
carbon are shown in Fig. 8. The maximum range intercept was taken as
correaponding most closely to the extrapolated range of the particles
produced at 85° with bombarding ions corresponding to the peak voltages.
The proton straggling was taken as approximately 3 mm and in Table I, again

using data from liano, we glve the mean rangce and energy of the protons

produced by deuterons at various peak voltages.

TABLE I. ilean range and energy of protons produced by deuteronse.

Peak Bombarding Mean Range

Potential () Protons Fhergy (EP)
600 kv 15.5 cm - 2.96 % 0.06 MEV
750 14.8 5,12 £ .15
900 16.4 3.32 £ W15

The data are consistent within the experimental error and using
Ts = 5 146, - 11 By - 2/Z5,E, co50]
where & =85° we find T5=2.65 4 0.07 L=V in agreement with the value
T3==2.7 4+ 0s1 MEV previously reported by Cockecroft and Walton.8 The value
2465 NIV has also been given by Livingston and Lawrenceol9
It will be noted that the assumption has been made that ne

ganma-rays are emitted in connection with either the observed protons or



neutrons. Gamma-rays from carbon bombarded by deuterons have been re-
ported by Crane and Lauriteen29 and by Tuve and Haf’s‘bad.l‘s The latter
observers give the yield as one quantun per 10° ineident deuterons at

950 kv and the energy of the gamma-rays as 3.7 MEV. In this laboratory

the same energy was found hut the efficiency of production was much lower.
Crane and Lauritsen originally found 3 quanta per 108 deuterons at 900kv
peak and 3 guanta per 10° deuterons at 700 kv penk. Recenl esstimutes from
cloud chamber measurements yield values slightly lower than these. Tuve

and Hafstad find a yield of 3 protons per 106 deuterons at 950 kv, we find

5 per 107 at &50 kv pesk and Gockernft and Walton report 2 per 10° at 500 lkv.

15

Allison™™ gives the efficiency for production of u13 at 520 kv a8 4 per

10” deuterons. Definite exclusion o gampa~-rays from the reactions of

interest is impossible on the above ~vidence, but it will be evident from

the following discussion that the disintegration énergiea of the reactions

can be made consistent without introducing gamm -rays of the observed energy.
The difference in the mezsseas of the neutron and the hydrogen

atom camot be directly measured but is determinable from the disintegration

of the deuteron by gamma~rays. The most recent work, that of Fea‘bher,as

yields a packing energy of 2.26 KEV for the deuteron. Usinz Bainbridge's26

magses for deuterium and hydrogen as adjusted by Bethe to fit He4= 4,00336

1 1

as standard we find n~ - {87 = 0.00051 =0,48 MZV. Recalling formula IT (d)

and assuming a zero neutrino mass, we find E':]axr-l.f)z M3V. Bonner and
Brubakerd! have recently given values of the mass of the deuberon from

disintegration data which yields onl - 1H1== 0.00078 =0.73 MEV and

+
na

3

x=1'27 MEV. e thus have two values of the maximum energy of the

pogitron from the energy balance of the double reactions between which it

ig difficult to decide. On the other hand, the maximum energy from the

obgserved spectrum is by inspection equal to 1.25 MEV and on the Konopinski-
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Uhlenbeck extrapolation to 1.45 MiV. A decision between these values
asems %0 us to be at present impossibles In any case, the discrepancy
ia of the order of 290 kv so that it can be egtimated that the neutrino

masg is less than one-half the electron mass.

015

———

Radioactive was first produced by Mcifillan and Livingston
who found the half life to be 126%5 seconds. e have bombarded a fused
target of sodium nitrite with 900-kv peak deuterons and obtained a total
of 528 tracks from 1800 photographs. The distribution in energy of these
positrons is shown in Fig. 9 and the Konopinski~Uhlenbeck »lot in Fig. 10.
e find by inspoction B =1.7 LEV and from the Konog»inski—wﬂlenbcck
extrapolation I malea‘o HEVe The positrons were attributed to
JNY + HE — 0%+ 0"+ T,
30'5-—-—-7/\!’5 + et el +2 +Ta
gince sodium Nas not been found to yield positrons under deuteron bom-
bardment and the formation of F*! from oxygen takes place only for bom-
barding potentizls above 2 MS‘.lg Since 11 haa not as yet been determined
an energy balance with the reaction
Nt HE — 7N!5' + H' + Ts
where T5=8.6=i=0.5 MEV29 cannot be attenpted and it suffices to point

out that the neutrons siould have an enerzy equal to 4.2 MZIV for deutsrons

of zero bombarding potential.

wio
On the photographs obtained in bombarding sodium nitrite about

110 tracks of negative elesctrons which could be divided into two distinct
grouns were counteds The first group terminated at approximately 2 MEV

and can be attributed to Nth oroduced from the sodium in the target while
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the second group {equal in number to about five percent of the number

16

of positrons) extended up to 6 M7V and ia probably due to NV produced

according to
N+ HE = N+ H o+ Q@

and disintegrating according to

NC— 0% 4 e” - e +V+Q,
This group has an average energy of 2.7 MIV which yields a maximum energy
from the Xonopinski«Jhlenbeck theory of 6.5 MZIV. The half life of Nlé
has been determined by Fermi, Amaldi, d'Agostino, Rasetti and Segre5o as
approximately 9 seconds, the radioactive substance being produced by
the bombardment of fluorine by neutrons with the emission of an alpha-

particle., Livingston, Henderson and Lawrence give the half life as

10.0 % 0.5 secondse *

Cll

The digintegration of boron by deuterons with the production of
a pogitron emltier was reported by Henderson, Livingston and Lawrenc352
and by Crane and Lauritsen,16 the lotter observers giving the half life

16 yield

as approximately 20 minutes. Recent determinztions by Allison
a half life of 21.0 % 0.6 minutes.

A target of amorphous boron bombarded by one-half microampere
of 900-kv peak deuterons yielded 604 tracks on 1000 photographs. The
energy spectrum is shown in Fig. 11 and the Konopinski-Uhlenbeck plot

in Fig. 10 yielding by inspection E ;ax=1.15 MEV and by extrapolation

q;;x==l.§ MzZVe The pozitrons have been attributed to
o 2z { [
sB'C + H® — C" +.0 + T
" - ‘
6(: - 5!”' + et v+ e +V+ T,

Because of the deposition of carbon during bombardment and due to the
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fact that le' hes a greater maximum energy than 011 it was necessary to
replace targets fremiently. Uith these coneiderations in mind, it is
not difficult to accaint for the one or two tracks of energy greater than

the Konopinski-Uhlenbeck limit.

10 4

Be and Cl

The electron emitters described previously do not exhaust the
possible nuclear structures containing two more neutrons than protonse
Other nuclei of the form *Xz§+z are Belo, Cll‘ and 018. The last of
these has been found to exist to the extent of 0.2 percent in ordinary
oxygen35 and is believed to be stable. The nucleus BelC cannot be unseable
by more than 0.3 MEV unlees it has an exceedingly longvho.lf lifo or a very
small probability of production in the reaction

45e9 + ,Hz -~+4‘Be'° + H' o+ Q,
gince no electron tracks were obszrved on cloud chamber photographs
taken when B¢’ was bozbarded by 900-kv. deuterons.

On the 3000 nhotographse taken when carbon was bombarded by
deuterons four electron tracks between 1 MEV and 5 MEV were observed.
These may be attributed to the disintegration of cl4 oroduced according to

,C? + H* = C"* + W +Q
but are most probably due to lithium or boron contaminations in the target
holder. In comection with the determination of the range of the protons
from carbon bombarded by deuterans we observed several tracks of energy
zreater than 4.0 Z.TE;J. Dean ‘.'quldridge% of the Norman Bridge Laboratory
furnished us with carbon targets prepared fram methane in which the pro-
vortion of ¢13 nad been increased to 6.6 percent in a diffusion apparatus
of the type desizned by Hertz. An increase in the pez;centage of long

range tracks was actually found. If these be attributed to the reaction

given above 'bheh
= . c = 71\1’* + |.0 MEV.
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but the posgibility of contamination must not be overlooked. Fermi,
Amaldi, d'Agostino, Ragetti, and Segre50 have bombarded nitrogen with
slow neutrons in an attenpt to produce Cl}4 according to the reaction
4 i 14 I
MNE+ ot - %+ H
but report no activity. Present evidence indicates that 014 ia at most

glizhtly unstable with resnect to Nw.

DISQUSSIQU OF THZE RESULTS

From the data presented concerning Lia, 812, and 70 it is
evident that It’ne Konopinski-Uhlenbeck formula is in agreement with the
observed distributions In energy of the emitled electrons, although lhe
fact that in the low enerzy regions of the spectra this agreement may be
accidental must not be overlooked. On the other hand, the Fermi distri-
bution is definitely in disazreement with the observed spectra iﬁ regions
unaffected by the particular expsrimental arrangements employed.

If the observed posiiron spectra have not beén distorted by
errors in measurement excesding the estimated error then some significance
is to be atbached to the correspondence with curves of the Konopinslki-
Uhlenbeck types Agreenent with the Konopinski-Uhlenbeck theory has also
been found by Xurie, Richerdson and Paxtonl! in the caces of the electron
and positron emitters which they have investigated. The cuestion of the
reliability of the moxdimum mmergics gziven by oxtrapolation of the Konepincki-
Uhlenbeck plote can only be answered when a wore accurate value of the
mage difference batween the neutron and the hydrogen z2tom ie available
or when experiments for unambiguously deternmining the end points of the
spectra have been devised.

e have incorporated in Table II ’ch’e numerical results of the
investigations outlined above. The maximum energiss of the spectra as

given by insvection and by the Konopinski-Uhlenbeck extrapolation are
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given. The atomic masses of the radicactive elements have heen computed
by using the Xonopinsld~Uhlenbeck maximum energies and the masses of

the appropriate stable elements as given by Bethes The half lives listed
are thoece yielded by tie most recent investigations. The average energies
of the spectra have been computed in the usual manner from the observed
distributions. The data on F17 have been given by Kurie, Richardson and
Pa:rt,on]'7 and I‘Yewsole and on 59 by ?;;Eei.tne:r'.55

A rapid decrease of the half lives with increasing maximum
energies is indicated by the tabulated resultse The Xonopinski-Uhlenbeck
theory predicte a more ra»id decrease than the Fermi theory but too close
correlation with the observed resulte cannot be attennted in view of the
dependence of the factor C in the distribution in momentum on 2 matrix
elcuent containing the wave functions of the nucleus which may vary
from element to element.

On the neutrino theory of positrm decay, the binding energy
of the parent nucleus must exceed that of the daushier nucleus by the
dif'ference in méss between neutron and proton, plus the rest magses of
positron and neutrino, pluc the maximum energy of the positron spectrum.
If this excess be AW , then

AW ~ EJ 4+ 1.5 MEV

Yow all the positron emitters which we have examined are built up of

p protons and p - 1 neutrons; the nuclei which are formed by their dis-
integration have p = 1 protons and p neutrons. The change in binding
energy from parent to daughter nuclsus is thus to be ascribed entirely
to the electrostatic repulsions between protons, if we suppose that all
other forces are symmetric betvwesn neutron and proten. Sinece the con-
tribution of this elsctrostatic repulsion to the energy Vof' a nucleus
with p protons is

[pep-1y/z]e* (7T)
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where d;;a is the mean of the reciprocal of the distance between protoms,
we are led to believe that the enar gy gain from the conversion of a
vroton to a neutron cnould be
AW ~ (p-1)e™ (/1)
and thus should increase with atomic number. A® is seen “rom the values
in the ta®le, this increasg isg nearly linear and corresponds to the
nearly constant and quite reasonable value
(/r) ~ 3.5 x 10 cm™!

The high energy of the electron emitters Lia, 312’ Nlé, and
720 can be undarstood on the basis of their digintegration into the
tizhtly packed nuclel Bea, 012, 016, and Yego. The nuclei Belo, 014,
and 08 can be classed together as representing stable or at most slightly
unstable configurationse.

In conclusion, I wish to express my appreciation to Dr. C. C.
Lauritsen and L. A. Delsasgo who collaborated with the author in these

L

investigatibns; to Dr. Robert Serber and Dr. J. Re. Oppengeimer for
discussions of the theoretical aspects of these investigations; to
Kuric, Richardson and Faxton for sending a copy of their wmenuscript
before publication; to Dean Wooldridge for preparation of the carbon
targets containing an increased percentage of cl%; to uies Virginia
Johnson for aid in preparation of the manuscript;: and to the Seeley 1.

Mudd fund for financial support.
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TABLE II. Summary of data on the radioactivity of elements of low
atonic number.

Radio-

active Prod- Half=- Fmax MREV) Cav

elsment uct life (Insp.) éK.U.) (MEV) Atomic Mass

& B¢ — 0,32  —= = 9.0140 £ 0,0010
¢t 58t 21% 06 ming 115 1.5 0.43 11.0136 + .0012
AP P 1055 mine 125 145 0.9 15,0095 & .0008
g0t S 1265 sec. 1.7 2.0 0.62 15.0085 £ .0006
912'17 30'7 70 sec. 2,10 ou4b ol 17.0077 + 0003
5L18 yBed 0.5 gece 10,0  1le2 5486  8.0185 £ .0005
B2 got? 0.02 sec.  11.0  13.0 475 12,0176 + L0014
A6 o 10x.5eec. 6.0 6.5 2.5 16,0069 = .0010
9520 wﬂezo 12 sec. 5.0 5.9  2.06 20.0084 (1)

& Meitner.

b Kurie, Richardson and Paxton.
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