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ABSTRACT

Modifications have been made té a semi-circular
focussing spectrdmeter to facilitate its operation and
to improve its performance, Geiger counters filled with
the saturated vapour of heptane kept in an ice bath are
used to detect the beta-pérticles. The windows of the
counters are made of zapon films about 10 micrograms/cm2
in thickness, The sources are mounted on similar films
andlhave a total thickness less than 100 micrograms/cme.
The combination of thin source and thin windows permits
the measurement of beta~particle energies down to 2 Kev,

An examlination of the beta-spectrum of Eu152‘4 has
been carried out, It conslsts of 7 peaks corresponding
to the energles 8.0, 15.0, 26.4, 33.2, 38.3, 73.1 and
74.8 Kev, The two upper peaks afé assigned as K conversion
lines for gamma-rays of 121.5 and 123.2 Kev. The 33,2
and 38.3% Kev lines are assigned as L and M Auger electrqnsv
in Sm., The 8.0 Kev line 1s.assigned as an M Auger electron
in Sm, The 15,0 Kev peak 1s assigned tentatively as én
M conversion 11ne-correspond1ng to a gamma-ray of 16 Kev,
The 26.4 Kev line is tentatively assigned as either a K
converslion line corresponding to a gamma-ray of 73 Kev ﬁr
an L conversion line corresponding to a gamma-ray of 34

Kev,
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B

INTRODUCT ION

Particle spectrometers were first introduced in
order to resolve the energy distribution of charged particles
emitted by naturally radio-active substances. A collimated
beam of alpha-particles deflected by an electric or magnetic
' field was made to fall on a photographic plate or scintillation
screen. The energy of these particles could be calculated
from a meésurement of the field and the deflection of the
particle. . Baeyer and Hahnl built the first spectrograph of
this type for the analysis of the energy spectrum of beta-
particles from radio-active nuclei. No use was made of any
focussing properties, the result being that most of the
partiéles emltted by the source were not permitted to enter.
the spectrograph, l.e., only particles with the same velocity
and the same initial direction would strike the same point on
ﬁhe photographic plate,

To éircumvent this defect, focussing spectrometers
of'many'types have been bullt. A focussing spectrometer 1s
an instrument in which the resolution is not critically
dependent on the transmission (percent solid angle subtended
by the entrance slit at thé source). Dany522 pointed out

that two equal cireles'drawn aboutApoints sepafated by a

1. G. Baeyer and O. Hahn, Phys. Zeit., 11,488(1910).
2., J. Danysz, Comptes Rendus, 153,339,1066(1911).



distance small with respect to the radius would intersect
at two points approximately diametrically opposite. Because
the path of an eleetron in a uniform magnetic field is a
circle, focussing can be obtained by allowing the electrons
to travel through é seml-circle before striking a photo-
graphic plate., Fig. 1 shows such an arrangement, in which
monoenergetic'electrons leaving the source at point S will
travel through the baffle and arrive at point P on the photo-
- graphlic plate, These electrons are sald to be focussed since
they wlll arrive neér’the point P so long as they are emitted
within the angle A defined by the‘baffle width, Electrons
with higher energies will be.focussed to the right of P,
those with lower energles to the left. This arrangement,
although an improvement, 1s not perfect since the central
ray in Fig. 1 does not strike the photographlc plate at
exactly the same point as the fwo outer rays.

| The radius of curvature of an electron in a uniform
magnetic field is related to the momentum of the eléctron by

the formula
He = mve _ (1)
S Salru

where H 15 the magnetilic field in gauss, p i1s the radius of
curvature in cm., mv is the momentum in c.g.s. units, c¢ is
the veloclity of light and eiis the charge on the electron
.in e.s.u. The momentum is related to the energy of the

particle by the relativistic formula
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He = 10%/3 JT(T + 1.02) | (2)

where T is the kinetic energy of the electron in Mev,

A spectrograph of the type illustrated in Fig., 1
has one objectionable feature. The photographic plate is
not equally sensiﬁive to all energles of electrons. This
difficulty may be overcome by placing a Faraday cage or a
Geiger counter behind an exit slit as a detector, and varying
the magnetic field to select the energy region under 1nvést1g-
ation. | ' l_

Using a spectrometer of this type Chadwick? showed
that in addition to groups of electrons of discrete energies
there was also a continuous distribution of electrons, as
illustrated in Fig, 2.

As a result of many experiments conducted during
the past forty years a comprehensive theory of beta decay
has been developed. In addition to nuclear beta emission,
atomicmbeta'particles'are known to be emitted from atoms
with excited nuclel, the latter phenomenom>being known as
1nternai conversion. A third process of interest in beta-
ray spectroscopy is called orbital electron capture and
oécurs when a nucleus absorbs one of the orbital electrons

of the atom.

3. J. Chadwick, Vorh.d.D. Phys. Ges., 16,383(1914).



In nuclear beta emission a radlo-actlive nucleus
emits an eiectron thereby decaying to a daughter nucleus
with atomic number one greater (negatron emission), or one
‘less than (positron emission or orbital electron éapture)
the pafent. The total energy involved in such a transition
is discrete although the emitted electrons have a continuous
distribution of energies up to this maximum total energy Eo.
Furthermore experiment has shown that the electron does not
‘necessarily leave in the opposité direction to the recoil
nucleus. It therefore seems that neither energy nor momentum
is consefved in beta decay processes, nor is there conserv-
ation of angular momentum. ‘The'électron, being a particle
of intrinsic spin 34, must carry away a half-integral
multiple of ¥ of total angular momentum since both parent
and daughter are 1isobariec, 1.e., either both have integral
spins or both have half-integral spins.

A possible solution to. the dllemma is provided by
the neutrino hypothesis of Pauli, The neutrino hypothesis
proposes the existence of a neutral particle (so far un-
observed) of small, possibly zero mass and half-integral
spin. Tﬁis particle, called the neutrino, is assumed to
be emitted simultaneously with the observed beta-particle.
The electron, neutrino and product nucleus share am&ng
them the energy, momentum and angular momentum available
from the nuclea; trahsition. The beta-particle has 1its
maximum momentum when the neutrino is emitted with zero

momentum,



,Ferm14 has developed a mathematical analysis of
beta decay based on the neutrino hypothesis which results
in a theoretical energy distribution for the emitted beta-
particles which is in substantial agreement with experiment,
The momentum spectrum of the beta-particles for the so-

called "allowed" or most probable transitions is given by
N(p)dp = CF(Z,E)p?(E, - E)? dp | (3)

where N(p)dp is the number of beté-particles emitted with
momentum in the range dp at p, C 1s'a constant which in
- general depends on the specific nucleus involved in the
decay, F(Z,E) is a relativistic Coulomb correction factor,
E 1s the energy of the beta-particle, énd EO is the total
energy avallable from the nuclear transition. It follows
from (3) that a plot of (N(p)/Fpé)% against energy E 1is a
straight line lntersecting the abscissa at E = Eg. Such a
plot is called a Kurie plot and has the advantage ﬁhat it
may be used to find Eg by a straight line extrapolation.
After emission of a nucléar beta-particle the
daughter nucleus is often left in an excited state, The
excitation energy may be dissipated elther by emission of a
gamma-ray or by liberation of an orb1ta1 electron., The
latter process is termed Iinternal conversion. In order to
determine the energy involved in de-excitation by internal
conversion it 1s necessary to add the atomic shell binding
energy of the converted electron to its measured kinetilc

energy. The most probable internal conversion process

4, E, Fermi, Zeits, fur Phys., 88,166(1934).



involves a K.shell electron. The K conversion coefficient
is defined és the ratio of the probability of K conversion
to gamma emission. In the internal conversion process energy
is transmitted from the nucleué to the electron by the
electromaghetic interaction of the nucleus and the electron.
The meln contribution comes fromlthe electrostétic Coulomb
1nteraction.A It is ﬁossible to make exact calculations of
internal conversion coefficlents using the relativistic wave
functions of the electrons. 1Ih general internal conversion
coefficlents increase as the atomle number and the multi-
pole order of the transitlion increase and decrease as the
energy of the transition increases. The multipole order of
a transition is a measure of the vector angular momentum
change, i.e., transitions involving a vector angular
momentum change of H are'termed dipole, those involving a
change of 24, cquadrupole, etc.

Exact calculations of K conversilon coefficients
heve been made by Hulme et al5, Taylor®, Fisk!, Rose et a18,

Griffith9, and Reitzl0, Experimental support of these

5. H: R, Hulme, N. F. Mott, F. Oppenheimer, and
H. M. Taylor, Proc. Roy. Soc. (London), A155,315(1936).

6. H. M, Taylor, N. F. Mott, Proc. Roy. Soc. (London)
A142,215(1933).

7. J. B, Fisk, H, M, Taylor, Proc. Roy. Soc. (London),
Al46 178(1934)

8. M. E, Rose et al, G. Goertzel, B. I. Spinrad, J. Harr,
and P, Strong, Phys. Rev., 76,1883(1949).

9. B. A, Griffith, J. P. Stanley, Phys. Rev., 75,534(1949).
10. J. R. Reitz, Phys. Rev., 77,10(1950).



calculations has been obtained by Waggonerll, Petchl2, and
others. By measuring experimentally the K conversion co-
efficlent and referring to the conversion coefficient tables
mentioned above, it 1s often possible to lnfer the multipolé
order and thus the vector nuclear spin change involved in
the trensition.

The theory absolutely forbids quantum transitions
of multipole order zero. In this case .the nucleus can de-
excite only by 1nternél conversion, l.e., the lnternal
conversion coefficlients are all infinite.

It 1s interesting to speculate on the'possible
effect that orbital electron capture might have on the mean
life of subsequént internal conversion transitions, The de-
excitation of a nucleus by linternal conversion is independent
of the competing gamma-decay process. We may write

/ / '
= - + £ + £ + = 4+ ---

where 7" 18 the mean life of the excited state of the nucleus,
2? igs the mean life for decay by photon emission, 22:13 the
mean life for decay by internal conversion in the K shell,
and 77 , Z’M, etc, are respectively the mean: lives for decay
by internal conversion in the L, M, etc. shell. It is

assumed that the probabllity for emission of an internal

11. M. A. Waggoner, M. L. Moon, and A, Roberts,
Phys. Rev,, 80,420(1950).

12. H. E. Petch, M. W, Johns, Phys. Rev.,80,478(1950).



conversion electron by a particular excited nucleus is
directly proportional to the number of electrons in the

atomic shell. This may be written

N2K = 2>\//¢

.where.Azgis the probabllity per unit time of emlssion of a

K conversion electron from an atom with a full X shell, and
Asx¢ 18 the probability per unit time of emission of a K con-
version electron from an atom with only one K electron. |
Consider N nuclei at time t = O which héve Just undergone a
K capture transition to an excited state. If Axis the
probability per unit time of filling & vacancy in the K
shell by an x-ray transition, wé may write the probability

of there being one electron in the K shell at time t,

-XAxt
Pre = € *

and the probabllity for two K electrons,

~-Xxxt
pz/c =/ - € S

The probability per unit time of emission of a K converslon

electron at time t 1s then

Ae(t) = New Pie + ANk Pix

= Az (} - 5 E?-'Af‘t )

- The rate at which nuclei of this species decay by K



conversion is then given by

dN‘ = X/‘ (f)N

which on integration ylelds

/n N o - >\2e[f' 1“7;\): (€,~>\Xt‘/)]
N,y |

When 1ln N/Ng = =1, only Ny/e of the original excited nuclei
remain. We define the corresponding time T% as the mean

life for K conversion., Solving the previous equation ylelds

/= Aee[Te r s (e Te-1)]

: /
By substituting [ =}, end rearranging we get

-
e = T » B (/- e %)

which may be solved approximately in three cases:
tx /
1 &K/
. Tk _
L Tk = T * 7T = 27T

(2) ¢ =~ 7
Tx

(3)21:_,4)?
Tx K (.._ZA__.

Tk = e+t 74 = (24-7 )'Z"zlc-
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Since the effect of a single missing electron in
the L shell is relatively small, the effect of K capture on
the méan life of the.subsequent nuclear state, if appre-
clable, should be most easily detected by measurement of
K/L ratios., We may thus séy with assurance that, 80 long as
the mean life for x-ray'tfansitions to the K shell is greater
than the mean_lifg'for normal K conversion the K/L ratio for
a nuciear process fo1low1ng K capture will be éméller then
that for the samé process following beta emiasion. If the
mean 1ife for the x-ray processes which f£ill the K.shell is
shorter than the normal K conversion lifetime, and if this
in turn is shorter than the mean 1ife for x=-ray processes
tpat £111 the L shell, then it is possible that the K/L ratio
may become largér than that which wouid_normally be expected.
Similar effects to those noted above might be found in
cascade decay schemes where previous transitions invblving
internal conversion have robbed the atom of some oflits
orbltal electrons.

Beta«ray spectroéeopy has provided.a method for
determining the energies of particles and photons emitted
by radio-active nuclei and has thus increased the knowledge
of nuclear energy levels. Most spectrometers have been de-
signed to cover the energy range from 0.1 to 3 Mev, the Iower
limit being an instrumental one, caused by excesslve scétter—
'ing of low energy electrons from baffles and reslduwal gas
molecules, by the increasingly serious defocussing effect

. due to the uncompensated earth's magnetic field, and by



\

absof@tion of the low energy particles both in the source
and in the counter window. The upper 1limit is set'by the
pover démands of the focussing magnet., A few spectrometers
have been bullt to measure energles greater than 10 Mev and
some to extend the lower limit to 10 Kev or less.

There are important reasons for the investlgation
of the low energy region. Cook and Langerl3 and other
experimentersl4.15,l5 report that in a number of cases the
Kurie plot deviates from a stralght line ét low energies.
More recent workl7,18,19 indicates that these results were
entirely due to self-absorption in the source. The presence
6f a low energy beta group would cause an apparent curvature
in the Kurie plot at low energles, The.presence of Auger
and 1nterna1,éonversion electrons can so complicate the low
‘energy beta Spéctrum as to make it difficult to determlne
the shape of a low energy beta group, Low energy internal
conversion lines are very common. Lines at less than 50 Kev

have been found in the beta spectrum of almost all naturally

‘ij.‘ C S Gook and L. M, Langer, Phys. Rev.,
73, 601(1948

14, A. W. Tyler, Phys. Rev., 56,125(1939).

15. J. L. Lawson, Phys. ﬁev., 56,131(1939).

16. A. A, iownsend Proc. Roy. Soc.,'A177% 357(1941).
17. R. D. Albert and C. S. Wu, Phys. Rev., T4, 847(1948) .

75, 1107(1949).

18. L. Feldman and C,.S, Wu, Phys, Rev., 76,697(1949).

19. L. M. Langer, J. W, Motz and H., C. Price Jr.,
Phys. Rev., 77, 798(1950) .

11
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radio-active substances20 and in some aftificially prepared
isotopesQl. In substances of low Z the flourescence yield
1s found to be small22, that is to say, an atom with a2 mlssing
K electron is more likely to de-exclte by emlssion of an Auger
electron than by emission of an x-ray. If a nucleﬁs is in
the ground state on capturing a K electron the soft X=-rays
and the Auger electrons offer the only means of detecting the
transition. Many postulated decay schemes based on the measure-
ment of high-energy gamma-rays and conversion electrons have
energy levels within 50 Kev of each other, Most spectrometers
now in use cannot detect transitions between such levels. An
instrument which could do so would be a valuable tool in
checking the proposed spin and parity values assligned to these
states on the evidence of the high energy transitions alone.
This research describes the redesign and use of a
spectrometer for the measuremeﬁt of beta particles in the
energy range 1 to 100 Kev, For the reasons previously staﬁed
it is essential to invéstigate this energy region for a

complete understanding of the mechanlsm of nuclear processes,

20; Radiéﬁiéns ffom Radio;active Substaﬁces.
Rutherford, Chadwick and Ellis, pp.360-380.

21, R. D, Hill, Phys. Rev,, T4,78(1948).

22, X-réys in Theory and Experiment.
Compton and Allison, pp.477-492.
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THE SPECTROMETER
A, Design considerations.

(1) Detection of beta-particles.

4 Beta~particles may be detected with photographic
plates, and in spite of the objection to a spectrograbh,
plates would be used 1f they were sensitive to electrons of
low energy. Unfortunately the sensitivity of even the best
plates falls off very rapidly as the energy of the impinging
electrons is decreased2’, The sensitivity of the scintill-
ation crystal and photomultipller combinatlon falls off
greatly at low energies., By cooling the photomultiplier in
liquid air 1t 1s possible to detect electrons with energles
as low as 2 Kev, but the operation of a photomultiplier is
' seriously effected by the focussingAmégnetic field. Electron
multipliers can be made with high efficiency for beta
energies between 0.1 and 5 Kev, One of the better detection
methods 1lnvolves post-accelération of ﬁhe electrons after
they have passed through the exit slit of the spectrometer,
This method shows every sign of more frequent use in low-
energy beta-ray spectrometry. 1In a spectrometer of the type

described in this thesis post aéceleration would be

23.- L. Craﬁberé and J. Hélﬁern, R;S.i., 20,641(1949).



—impracticable, For our purpose a thin window Geiger counter
seems best fitted to the task, Gelger counters are known to
be sensitive to electrons of almost negligible energy and
therefore the problem resolves itself into one of finding
some method of introducing the electrons into the sensitive
volume of the counter. If a window is to be used it must be
sufficiently thin to transmit electrons of low energy and
yet strong enough to withstand the pressure of the filling
gas,

Backus2* has described a method for making films
as thin as a few micrograms/cm2. Windowless counters have
been used with success by Langer,lMotz and Pricel9 with an
equivalent window thickness due to diffusing gas of about
one microgram/cm?, |

The counters used in the present equipment were
bullt by Brown2d and utilize zapon film of 3 to 5 micrograms/
cm?2 covering an entrance slit 0,025 cm. wide. The combin-
ation of the narrow window and the low gas pfessure used
in the counter (1.; em, Hg.) makes the use of such films
entirely satisféctory. —

(2) The Source.
The preparation of iow energy beta-sources 1s an

extremely dellcate operation since the optimum thlckness of

o4, J. Backus, Phys. Rev., 68,59(1945).

25, H, Brown, Ph.D. Thesis, University of
British Columbia, (1951).
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source plus backling is vanishingly small. The thickness
of the source can have a great influence on‘the shépe of the
low energy beta spectruml9. Because of the fragility of the
source its area should preferéﬁly be small. A small source
poses an additional problem: since the resolution of the
spectromeﬁer is in general inversely proportional to the
luminosity (transmission times séurCe'area), it can be seén
that once the resolution has been specifieé, the overall
counting rate of the spectrometer is then dependent entirely
on the total source strength, It 1s important that the
overall counting rate be reaSonébly high since only in this
way can good statistics bg established qulckly. A practical
lower 1limit in counting rate is set by the cosmic-ray back-
ground, Having specifled the resolution and thus the
luminosity and having set a lower 1limit on the useful count-
ing rate, we may estimate the activity per unit area of the
source necessary tobproduce this counting rate. If we now
demand a source thickness which will not tbo badly distort
the low energy end of the spectrum, we may then compute the
minimum acceptable specific activity of the source material,
(3) Limitations due to available material and techniques.
* The thinneét sources so far produced seriously
broaden spectral lines below 10 Kév. ‘Because of thls fact
there 1s 1little point in designihg a low energy spectrometer
with a resolving power better than one percent. The spectro-
meter should be deéigned to utilize source material of that
specific activity which may readily be produced. The

specific activity and the size of the source are the factors
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which determine the minimum overall size of the spectrometer,
The magnetic fleld of the spectrometer should be

large compared to the earth's field and the fluctuating ,
magnetié fields of nearby eiectrical equipment. ‘Large fields
produce‘short eleétfon trajectories at low energles and since
 other considerations have placed a lower 1limit on the size of
the spectfometer, it may therefore be necéssary to effect a

compromise.
B. The Spectrometer Chamber,

| A sémifcifcular focussing type of iﬁstrument which
beét fulfils the abqve conditions was designed and built by
Brown25, The internal construction of this spectrometer 1is
illustrated in Fig. 3.

The radius of the curvature of this instrument was
kept small in order to‘reduce the path length of the detectéd
eiectrong and thus keep to a minimum scatteriné both from
residual gas molecules and from the walls and baffles, In
order to have a large transmission thls spectrometer was
designed to accept electrons from the soufce in four. different
directions., Geliger counters with zapon windows are used for
detection, the pressure being kept constant by a dynamlc
filling system. (See Appendix III)

The soufce material,ié.déposited in a line about
0.1 cm, wide .and 1.5 cm, long on a thin zapén film which is
supported on a lucite holder. The holder is so mounted
that the source is coincident with the axis of the spectrd-

meter., In Brown's arrangement, four sets of baffles were
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placed so that electrons leaving the source at angles of
450 % 5,70 to the plane of the backing would travel a
circular paph of 3.05 z .03 cm, radius to strike the window
of one of four symmetrically placed Geiger counters, The
baffles were cut on a lathe to the required radius and
grooves cut in the surfaces to reduce the reflection of
electrons inteo the counters.

- Each counter was made by drilling a 0.625 inch
diameter hole through a block of brass 1.5 inches long.
The brass was then trimmed down with a shaper, particular
care being taken with the face contalning the window. This
face was cut as smooth as possible to leave a thickness of
0,030 inches in the center, Through the’ narrowest part
a 1ongitudiﬁal slot about 5/8 inches long and 0,010 inches
wlde was cut. The inside of the counter was then polished
thoroughly with emery paper and crocus cloth, Another
hole of about the same size was drilled through the braés,
parallel to the first, for the purpose of filling the
counter, so that about 0.050 1nches of metal separated the
two. Small holes were drilled phrough this separating wall
to allow the filling gas to enter the counter proper. The
auxiliary hole was then plugged at one end with a brass
plate and at the other with a copper tube to éllow connectlion
to the filling system,

The entire counter was then immersed in bolllng

nitric acid (0.1 Normal) for a few minutes until the sur-
faces appeared clean, It was then washed, first in distilled

water,'and then in absolute alcohol and dried. One end was
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closed with a Kavar seal and the other with a pyrex cap
sealed with deKhotinsky wax. A 0.005 inch tungsten wire
was used for the anode. '

The spectrometer chamber 1s a brass c¢ylinder of
6.5 inches inside diameter, The end plates are of 5/16
inch brass. Soft rubber’ringé are used as vacuum seals,

In the bottom plate holes are drilled for the admission of
the counter fillihg gas for the admlssion of the high volﬁage
lead for connection to the anode of the.couhters, and for
connection to the vacuum system,

The lnternal assembly, with the exception of the
counters, islmounted on a 1/8 inch brass base plate one
inch above the lower end plate of the spectrometer chamber,
The base plate was highly polished and the position of the
source, the positlions of the baffles and the location of
~the entrance slits of the counters were marked on 1it. The
counters were aligned with the baffle system by observing
that the coﬁnter window, its reflected image, and the méfk
onAthe base plate, were in one‘straight line. The counters
-are connected to a four arm glass tee by lengths of Tygon
tubing to allow movement during alignment,

All exposed metal surfaces are coated with a mater-
ial of low atomic number in order to reduce scattering as
much as posslble. This was done by dissolving vacuum wax
in carbon tétrachiofide and applying several coats of the

paint.
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In the course of the present work three modific-
ations havé been made to the inner spectrometer, two of
which had been suggested by Brown®©3,

The baffles have been redesigned to permit
attachment of new windows without removal of the baffles
and source from the instrument, The brass baffle system
was completely removed and replaced by four simple lucite
. baffles made as. 1llustrated in Fig. 3. These baffles were
mounted on the base plaﬁe midwa& between the source and the
counters, leaving the face of the counters freely accessible
for attachment of windows,
| In ordef to reduce the background counting rate
due to gamﬁa—rays emitted by the source lead shilelds were
installed on the inner side of each counter, The thickness
of these shields was dictated by the avallable space between
the counters and the electron trajectories. (See Fig. 3)

Because the counter anodes had beenmconnécted in
parallel inside the spectrometer chamber the counters could
not easlly be tested individually, nor could faulty ones be
disconnected without terminating an experimental run, This
fault was rectified,by introducing four separate leads into

the spectrometer’chamber through a rubber vacuum seal,
C. The Magnetic Field.

Production of a magnetic field without the use
of iron eliminates the need for measuring small fields since

the field must vary linearly with the current in the magnet
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~coil, The magnetic field required by this spéctrometer

should be uniform over a cylindrical region, 12 cm, in dia-
meter and about 2 cm, deep, with the magnetic vector parallel
to the axis of the cylinder. A set of colls has been de-
signed and bullt by Brown25 as illustrated in Fig. 4 in
order to produce'such a field. The coil system consists of
three coplanar coils, one of 1400 turns of radius 17.5 cnm.,
a second of 270 turns of radius 11 em,, and a third of 12
turns of radius 8.5 cm, Passing 10 amperes of current
through £hese coils, with the current in the second coil
flowing in the opposite sense to the current in the}other
two colls, was found to produce a magnet fleld of approx-
imately 360 gauss with a maximum inhomogeneity of less than
14 over the desired region.

h The uniformitj of the magnetic field was tested by
means of two inverse connected matched search coils and a
ballistic galvanometer., The results of this test are shown

in Fig. 5. The inner coii has been eliminated because this

test showed the field to be more uniform without it,
D. Mathematical Treatment of a Spectrometer.

Geoffrion26 has deduced mathematically the
characteristics of a semli-circular focussing spectrometer.
In the spectrometer shown in Fig. 6 electrons of a given

momentum will form an image of the source at the exit slit.

' 26. C. Geoffrion, R.S.I., 20,638(1949).

(
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The width of this image is given by

QL = @ + 2r(1 ~ cos Ay cosBg) (1)

where Qi is the width of the image, Q is the width of the
sourca,‘r is the radius of the electron trojectory, Ay, is
one-~half the angle subtended by the bafflés at the source,
and By 1s the maximum angle with the median plane of the

spectrometer at which an electron may enterlthe exit slit.

The right hand edge of this image is located a
~distance 2r from the right hand edge of the source. Since
r dépends on the momentum of the elctrons in a constant
field H, a number of images will be formed with different
valuesnof r for different.values of the momenta.

If a detector is placed behind the exit slit it
will recei&e electrons with a certain range of values of
momenta. The width of the exit slit adds to the effectiveé
width of the image of the source so that it now becomes
equal to |

F + Q+ 2r(1 - Cos Ay Cos Bp) (2)

where F 1s the width of the exit slit and (2) is the
uncertéinty in the measurement of 2r for a"cénstant fleld
H.

‘ The limit of resolution of a spectrometer is
defined as the ratio Ap/p where Ap 1s the range of the

momenta of those electrons passing through the exit slit.
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Since

p = cHr/e (3)
Ap = (HAr + rAH)c/e (4)

and since H is constant

- Ap=cHAr/e
= cH/2e(F + Q + 2r(1 = Gos A, Cos By)) (5)

and ther_efore

Ap _F+Q +2r(1 « Cos Ay_Cos Bp) (6)
D- ... .. . 2r - o

and sincebAo and By are small this can be simplified to

+ Q , Ag2 + Bg?2 (7)

Ap _F
P- 2r .. 2 _

\

The spectrometer described in thls report has a

trajectory radius of curvature of 3.05 cm., and Ay was chosen

as 0.,1. The minimum value of Q obtainable is about 0.07 cm.
since this is the projection of a 0.10 cm. wide line at 45°
to the plane of the source backing. The width of the exit
8lit (width of the counter window) is about 0.025 cm. Sub-
stituting the actual values of Q,VF, A, and By, the above
formula yilelds a resolution of about 1.5%.

The luminosity of a spectrometer is defined as
the product of the transmission times the source area, For
this instrument the luminosity is 0,58 x 10-3 cm2, which is

larger than most comparable 9pectrometers.

22
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Geoffrion26 shows a curve of the'intensitj to be
expected under optimum conditions using an exit slit of
infinitesimal width., The theoretlcal line profile for an
exlt slit of a glven width F can be.obtained by partial
integration of Geoffrion's curve for F = 0,025 cm. and
F = 0,06 cm., These profiles are shown in Fig. 7. It 1is
evident from these curves that the resolution for the wider
exit slit is appreclably the same as for the narrower one
(the one we are using). Attempts to use.the wider exit slit
with its resuitant increase in transmlssion were unsuccess-
ful because the wider zapon windows were unable to withstand

the counter filling pressure.
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III
RESULTS

A. Preliminary Considerations.

Before attempting the analysis of the low energy
beta spectrum of Eul52-4 it ig necessary to clarify two
important points, Firstly, some attempt should be made to
estimate the effect of source absorption on the broadening
and shiftiﬁg of spectral peaks, and secondly, some proof
should be shown for the validity bf the spectrometer call-
bration. Although it is difficuiﬁ, if not impossible, to
determine the effect of source absorption from a purely
theoretical argument, nevertheless it 1s possible to
estimate these effects in an empirical way. White and
Millington27 have derived from experimental results the
momentum distribution of an initially monochromatic beam of
electrons after passing through thin foils, After taking
into account the finite resolving power of their equipment
they plot the natural line profiles for electrons after
belng straggled by various thicknesses of foil. From these
results they are able to plot a fundamental line profile
curve from which all other straggling‘curves may be obtained
from a simple relationship, These calculations show that
the displacement in momentum of the maximum of any straggled

curve from the true value of the momentum of the incident

27. F., White and G. Millingtdn; Proec. Roy. Soc.,
A120,701(1928).
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monochromatic electrons is a constant multiple (1.3) of
the half-width of the straggled curve, where thé half-
width is defined as the percentage width of the peak at
half-intensity on a momehtum scale. Although electrons
emitted by a thin radlo-active source do not all travel
through the same thickness of straggling material, the
relationship regarding peak displacement may be used

since 1t islindependent of the thickness of the straggling
material, By taking into account the natural line width
due to the finite resolving power of the spectrometer
employed in this research we obtain the corrected value of

the momentum corresponding to a spectral peak:
Hp =(Hp)o(1+ 0,013(P - 1.5))

where H 1is the corrected value of the momentum, (Hfﬁo

is the momentum value corresponding to the maximum of
the experlimental peak, and P is the percentage half-width
of the experimental curve, as defined above.

The originél calibration of the spectrometer
made by Brown 1s consldered by this wrlter to be some-
what in error. Brown's determination of the energy of
the domlnant internal conversion 1line in Ra D (600
gauss—cm), although in substantial agreement with the

work of Rutherford, Chadwick and E111s28, Richardson

28, Sir E. Rutherford, J. Chadwick and C. D, Ellis,
Radiations from Radio-active Substances, 1930.



and Leigh-Smith29, Tsien San-Tsiang30 and others, does

. not take into account the peak shift phenomenum discussed
above., The calibration used in the present work has been
established by accepting the experimental work of Brown
reinterpreted in the light of the previous paragraph,
together with the well substantiated value for the domin-
ant L conversion line in Ra D, Thils calibration in terms
of the control potentiometer setting is 980% 15 gauss-cm.
per volt. Using this calibration, together with the |
method qf analysils described above, none of the peaks in
Ra D reported by Brown is appreéiably shifted\from the

values he has assigned to them,
B. Europium152'154

When the stable 1sotopes of Eu (mass numbers
151 and 153) are irradiated by slow neutrons, active
isotopes of atomic welghts 152 and 154 are formed by (n,¥).
processes, A mass spectrographic analysis by Ingham and
Hayden®l showed that activities could be assigned to these

isotopes as follows:

TABLE I
Atomic wt. - Half-1ife
152 9.2 h
- 152 5-8 y
S 154 ' 5-8 y

29. H. 0. W. Richardson and A. Lelgh-Smith,
Proc. Roy. Soc., 160,454(1937)

30, Tsien San-Tsiang, Phys. Rev., 69,38(1946).
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Cork, Shreffler and Fowler32 studied the long-
lived activities in a photographic 180° spectrometer,
.and reported internal conversion lines corresponding to
transitions of 122, 247, 286, 343 and 400 Kev, as well as
a continuous beta spectrum of energy 0.93 Mev.

Wiedenbeck and Chu33, using a coincidence count-
ing technique, reported the continuous beta spectrum of
long-lived Eu to be complex with upper limits 0,62 and
1.0 Mev.

Shu1134,4using a magnetic double~focussing beta-
ray spectrometer, reported internal conversion lines
corresponding to transitions of 123, 124, 247, 286, 344
and 412 Kev, as well as additional external conversion
lines corresponding to transitions of 442, 772, 959, 1082
and 1402 Kev,

Cork ét 2155 summerize their investigation of
Eu by proposing the decay schemes illustrated in Fig. 8.
The same workers report Auger lines at 32,0 and 37.9 Kev
corresponding to an atomic transition in Sm of 39.1 Kev.

For the present 1nvestigation the source was
made from europium Qxide (see Appendix II), the active

material having been left standing several months to

32, J. M. Cork, R. G. Shreffler and G. M, Fowler,
Phys. Rev., 72, 1209(1947); 73,78L(1948).

33. M. L. Wiedenbeck and K, Y. Chu, Phys. Rev.,
72, 1164(1947).

34, F, R, Shull, Phys. Rev., 74,917(1948).
35, J. M. Cork et al, Phys, Rev., 77,848(1950),
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eliminate the short-lived isomer of Eu152.

Table II shows the binding energles of the

orbital electroné.in Sm and G4.

TABLE II
| .1 62 Bm 64 G4
Shell [Tgey Kev
K 46,7 50.1
L | 7.3 | 7.9
M 1.4 1.6

The four highest energy peaks of the spectrum

+ (Fig. 9) correspond to the four lowest energy peaks

reported by Cork et al35 (Table IV). The seven peaks found

‘in the present investigation have ientatively been assigned

A

as follows:

TABLE III

L - Electron : Energy Sum . _

Peak energy Interpre- . Z =62 Z= 64
No. Kev .tation Kev Kev
1 8.0 % 1.0 | M(Auger(62) | 9.4 * 1.0

| 2 15,0 1,0 | M(62)(64) | 16.4* 1.0| 16,6 % 1.0
- K(62)(64) 73.1 T 1.,2| 76,5 £ 1.2
3 | 26,4 %1,2 | 1L.(62)(64) 33,7 *1,2| 34,3 %1,2
2 33,2 * 1.4 | L(Auger)(62)| 40,5 * 1.4 |
5 38,3 * 1,5 | M(Auger)(62)| 39.7 % 1.5

6 73.1 * 2,2 | K(64) | 123,20 % 2,2
7 74,8 % 2.2 | K(62) 121,5 * 2,2

(Third column

assigned daughter nucleus).

numbers in bracketsvrefer to

mass numbers of
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TABLE IV
Electron| . : Energy Sum

energy Interpre- Z=62 [ 2= 64
Kev tation Kev Kev
32.0 L(Auger)(62) 39.1

37.9 | M(Auger)(62) |  39.1

72.9 K(64) 123,2
75.0 K(62) 121,8

Péaks (1) and (2) lie at approximately the correct
energles for L and M cbnversion of a 16 Kev gamma-ray
transition in Gd or Sm, Some support is given for this
assignment by the work of Mr. R, Aiuma (privately communi-
cated) using a sodium lodide proportional scintillation
spectrometer, Azuma finds distinet evidence of a weak
gamma-ray at this energy. Peak (1) is very broad., This
may be partly caused by source~absorption but it should be
noted that peak (1) corresponds roughly to the energy at
which one would expect to find the Auger electrons due to
atomic transitions which fill the L shell. Peak (2) cannot
be ascribed to any Augér electron group in G4 or Sm because
of energy considerations. ‘

Peak (3) may be either a K conversion line
corresponding to a gamma transition of about 73 Kev or an
L conversion line corresponding to a gamma transition of
about 34 Kev.

If it is the former, an L conversion line

would be expected at about 66 Kev, Thls was not detected
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If peak (3) is an L conversion line an M conversion line
would be expected at about 32 Kev.i This line, if it exists,
is possibly hidden by Auger peak (4). There is insufficient
information available to determine in which daughter the
transition occurs or which isotope of Eu it is due to.
Because of energy considerations peak (3) cannot be ascribed
to Auger groﬁps in G4 or Sm,

Peaks (4) and (5) have been reported by Cork
et al32, and peaks (6) andi(7) have been reported by these
same workers as well as by éhﬁ1134. The present work is in
good agreement with these experiments, Peak (6), although
not fully resolved, is justified since the best smooth
curve through the experimental points misses two cénsecutive
experimental points by more than four times the probable
error of these points.

The present work has extended the low~-energy beta
spectrum of Eul52-4 to energles lower than any previously
reported and‘although insufficient information exists to
fit the newly found transitions inte an energy level scheme
it 1s clear from this work that the decay schemes proposed
by Cork et a132 are incomplete, if not in error,

It might prove fruitful to repeat this experiment
using, 1if pbssible, a thinner source of higher speciflc
activity together with a more accurate calibration. Such
an expériment could possibly resolve the two components
suggested in peak (1) and thus provide conclusive evidence

for the 16 Kev transition.
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The fact that the source contains two activities,
Eul52 and Eul5* of almost identical half-lives, plus the
added difficulty of ascribing the gamma-ray transitions to
the proper daughter product, i.e., Gd152, Gd154, Sm152, or
sSml5% makes the task of assigning a reasonable decay scheme
to any of these elements impossible., It would appear that
many gamma-rays are still undetected and the possibility
still exlsts that the beta-spectra of both parent nucleiv
may contain mofe groups than the two alreédy reported.
Until more information ié available over the entire energy

region, the level sequences must remalin unknown,
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Iv
RECOMMENDATIONS

The modifications 1ncorporated into the spectro-
meter have satisfactorily facilitated its operation,
nevertheless, ﬁore work must be done if this equipment is
to produce accurate and reliable results quickly and
‘efficiently.

The magnet coll, because it seriously overheéts,
cannot be operated continuously with currents in excess of
~ > amperes, The necessity for intermittent operation redﬁces-
the efficiency of the spectrometer so that 1t is necessary
to spend several weeks obtaining a single spectrum. Counter
windows were found to last two or three days on the average.
If continuous operation of the spectrometer were possible
bit is likely that a completeispectrum could be run without
rupture of a counter window and its consequent laborious
and time-consumihg repalilr, To this end the magnet coil
should be redesigned to permit continuous operation carry-
ing the current necessary to produce a magnetic field of
about 400 gauss. | |

Several improvements can be suggested for the
spectrometer chamber, Firstly, a reduction in reflection of
electrons from the walls could be effected by lining the
chamber with lucite. For thls reason the base plate as

well should be made of lucite, Secondly, the leads from the
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anodes of the counters should be brought out of the chamber
through kovar seals to a'shielded preamplifier mounted
directly beneath the chamber. This would minimize pick-

up as well as guard against spafkover inside the chamber
and aﬁ the same tlme provide an adequate vacuum seal, Pro-
vision against source charging could be made by mounting a -
small filamenﬁ above the source holder. ©Such a filament
could likely provide sufficlent thermal eleétrons near the
source to discharge it without resorting to the use of an
accelerating electrode. The chamber 1id could be more
quickly and reliably sealed to the chamber by using an
O-ring rather than a flat rubber washer,

The counting rate of the Gelger counters was noted
to deteriorate slightly with‘time. This éffect is probably
due to impuritlies in the heptane, e.g.,, dissolved oxygen
could effect the counter characteristics. In any case an
experiment should be perfdrmed to determine the cause of
this defect so that it may be rectified. A Jig could be
constructed to facilitate the application of the counter
windows., This would consist of a hinged support fdr the
film holder and would permit the wet film to be swung
uniformly into contact with the counter face where it could
be left until dry. In thisuway reliable windows could be
applied to the counters without taxing the dexterity of the
.opérator.

Attempts should be made to devise new technlques

for making thinner and more uniform sources, for without



question.this is the crux of ihe problem of producing
accurate results at energies below 20 Kev. An accurate
calibration of the instrument should be made either by a
direct measurement of the magnetic field or by use of an

accurately measured internal conversion line.

34



35

 APPENDIX I
COUNTER WINDOWS

The windows are produced by the method first
published by Backus24, About 20 microlitres of a solution of
one part zapon lacquer in two parts amyl acetate 15 dropped on
the clean surface of distllled water. The solution spreeads
out over the surface of the water and the solvent evaporates
leaving a thin film of zapon on the surface. This film is
plcked up on a wire frame so that the film falls on both sides
of 1t making a double layer, The film was found to become
brittle when left on the water surface for more than 20 seconds,

In the process employed by Brown these windows
were permitted to dry before applying them to the counters.

The counter face was prepared by cleaning it with amyl acetate
and applying to it a thin film of vinylite resin prepared in
the same manner as the zapon films, This film was applied
immediately afte; it waé stripped from the water. The entrance
8lit was then cleaned out with the sharp corner of a piece of
paper and a dry zapon film was placed on the couﬁter face, the
vinylite acting as an adhesive,

Fortunately it has been found that the wet zapon
films wlll adhere to the counter face quite.adequately without
the use of any bonding material, This is an advantage not only
because 1t 1s a simplificatioh in the window application
technique, but also because 1t had been found aifficult to

clean out the counter window slot without disrupting the, whole



S50

— V1ny11te film, thus rendering it useless.

) Brown has shown that zapon films prepared in

this manner are less than 10 micrograms/cm2 thick and that
their threshold for beta-particle transmission is below 2 Kev,
For operation in the energy range above 10 Kev laminated wind-
ows of two or three zapon films have been utilized to good
effect,

The windows, once applled, are tested by reducing

the pressure 1lnside the éounters by about 1 cm of mercury., A
'small mercury manometer is provided in the system for measuring
this pressure, After 5 or 10 minutes any leakage through the
windows 1is readily detected by a change in reading of this

manometer.



The source holder is made from a piece of 3/16
ineh lucite 2 inches square. A rectangular slot 2 cm. long
by 0.5 cm wide 1is milled through the lucite with the back

cut away at an angle of 459, leaving a narrow edge around the

slot, A hole is drilled in the luclite for mounting the source

holder on the base plate of the spectrometer and a line 1s
scribed on the lucite to indicate the position of the source.

The source backing is made of zapon in the same
manner as the counter windows, The film is stripped from the
surface of the water on a frame made of 1/16 inch lucite and
laid on the source holder while still wet, The film is then
allowed to dry before further work is done in preparing the
source, Attempts to use LC600 films failed because this
lacquer did not form a homogeneous solution in amyl acetate,
The thinnest films that could be made with nylon were found
to be about ten times as thick as those made wlth zapon.

A solutlion of one part zinc insulin36 to eight
parts distilled water is made up and about 0.25 microlitres
of it 1s deposited with a plpette at each end of the film

in line with the mark on the holder. The plpette 1s made

36. L. M. Langer, R.S,I., 20,216(1949).

37
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from tubing pulled down to 0.5 mm, outside diameter and
0.2 mm. inside diameter., The solution is brought up into
the plpette and the end wiped clean with a paper towel, By
carefully blowing into the pipette, the liquid can be made
to bulge from the end without forming a drop. The end of
the pipette when touched to the film. leaves a droplet about
0.5 mm. in dlameter,
The source 1s now placed in a jig constructed

so as to permlt the droplets to be run along the film in a
thin line., The jig ls made of brass and cdmprises s milled
slideway beneath an adjustable ball-point pen which may be
raised or lowered by turning a screw. The ball-point 1s
carefully lowered to'contact_the film at the insulin droplet
and the source holder is then moved in the slideway of the Jig
so that the ballfpoint is drawn along the source film. With
care the droplet may be drawn back and forth along the film
to form a line of insulin about 1 mm, wide.

| A pipette similar to that used for depositing
the insulin solution but made in the form of an eye-dropper
i1s then used to deposit the active material, The active
solution was made by dissolving about 0.5 mg. of europium
oxide in a few drops of concentrated HCl., The europlium oxide
had been activated in the Chalk River plle and was subsequently
left standing for about six months, by which time the short-
lived isomer of Eul52 had been reduced to a negligible amount.
The solution was concentrated by evaporation under a heat

lamp until about 10 microlitres remained. The total activity



of the europium oxlide was about 500 microcﬁries, so that
plpetting off 0,25 microlitres of solution onto thé source
film would produce a source of total activity between 10 and
15 miecrocuries, By carefully manipulating the pipette one
can make the active material run along the insulin line
without flowing to the remaining film, After drying for a

short time the source is ready for use.
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APPENDIX III

THE COUNTER FILLING SYSTEM

The counters are filled with heptane (C7ﬁ16)
maintained at a pressure of 1.1 cm, of mercury by keeping 1t
in contact with 1liquid heptane in an ice bath. Commercial
heptane was found to contain a small amount of water which
required removal in order to permit proper operation of the
counters, This was done by connecting a flask containing a
few grams of phosphorous pentoxide to the neck of the flask
which contains the liquid heptane. Because heptane 1s a good
‘solvent for stopcock grease it was necessary to connect the
heptane reservolr to the rest of the counter filling system
by means of a graphite lubricated mercury seal stopcoek.

The liquid heptane is 1ntroduced into the system
by filling a small flask with heptane, freezing it 1in liquid
alr, and then sealing it to the spectrometer glasswork by
means of a torch, The heptane flask 1is then carefully pumped
while still frozen to rem&Ve all the air from 1it, the pumping
being continued until evaporating heptane has completely
flushed the systemn.

The characteristics of the heptane filled Gelger
counters have been determined by Brown25. Although they do
not exhibit a long plateau, they may be operated satisfactorily
at about 1250'v01ts giving uniform pulses of about 4 volts
peak amplitude with a rise time of less than one micro-

second and a length of about 50 microseconds,
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' --APPENDIX IV

AUXILIARY ELECTRONIC APPARATUS
A, Current Regulator.

In order to set and maintain a constant magnetic
field to fécus the beta-particles in the spectrometer it is
necessary to be able to regulate and measure the current in
the field coll. Since there 1is no iron in the system the
magnetic field is linear with current. It is therefore
.possible to make a secondary calibration of the spectrometer
at a single check point using an iInternal conversion line of
accurately known energy or alternatively a primary calibration
may be made by measuring the magnetic fleld produced by a
measured current. 9ince the resolution of the spectrometer
is of the order of 1%, the magnetic field should be regulated
to at least 0.1%.

The coll current 1s regulated by passing it through
- a standard resistor and comparing the voltage developed across
this resistor with the control voltage which is generated in
a Student Potentiometer, The difference voltage 1s then
amplified and fed back to control and grids of the current
regulating tubes. |

The standard resistor has a value of about 0,1 ohm
and is made of 10 feet of 1 inch manganin strip. This
resistor can carfy the largest currents used with a tempera-

ture increase of less than 1°C, consequently 1ts resistance
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will stay constant to about 1 part in 105.

The amplifier comprises two channels. One channel
amplifies the frequéncy range 0-10 cps. This channel is
called thé D.C. aéplifier. The A, C, channel amplifies the
frequency rénge 5-1000 cps. Amplification at higher frequen-
cles 1s unimportant since the load is highly induective, The
signals from the two channels are mixed in a 6SL7 double
triode which 1s used to drive the grids of a baﬂk of eight
6AST's in series with the magnet and the standard resistor.
The‘input to the D.C. amplifier is ‘chopped' in a Brown
Converter, fed into an A.C.,amplifiér and subsequently de-
tected in a phase sensitive detector. The overall voltage
gain from the input of the D.C, amplifier to the output of
the mixer is 5x105, |

The eight 6AS7's will conduct currents up to 2 amp-
eres, For current greatér than this 1t 1s neceassary to shunt
the 6AS7‘S with an external shunt resistance. An additional
variable'resistance in series with the 6AST7's permits opera-
tion from O to 10 amperes from the 250 Volt D.C. mains.

A block diagram of the regulatihg system 1s shown
in Fig, 10 and a circuit diagram in Fig. 11.

The pbtentiometer‘output voltage 1is accurage to
5 parts in 10%, The loop gain for the servo-mechanism is
about 1.5x104. The voltage generated across the standard

resistor is

V=V, (1+ 1/G)
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where V, 1s the potentiometer voitage, and G is the loop
gain, Therefore the current is regulated to better than
1 part in 104 of the value corresponding to the setting on
the control potentiometer. The A. C. ripple current in the

magnet coll was measured to be less than 1 part in 103,
B, H. T. Regulationm.

The voltage on the counter anodes must be well
stabllized, since these counters do not exhlbit a well de-
fined plateau. A voltage regulator has been built by Brown?25
for this purpose. TestsAm;de on this regulator show a change
in output voltage Qf 1esé than 5 volts for a change of 20% |
in A.C., input., The A.C. ripple in the output is less than
0.1%.

C, Pulse Amplifier and Scaler.

A simple 2 tube pulse amplifier with high input
impedance and low output impedance was designed utilizing a
double triode to serve half as an input stage and half as an
output stage.' It was necessary to use a shielded lead from
the counters to the amplifier to reduce pickup. The output of
the amplifier was fed into a scale of 1000, composed of 3

Berkeley scales of 10 followed by a mechanical register,



