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ABSIRACT

An iron-jacketed intermediate-image Siegbahn-Slatis
beta-ray spectrometer manufactured commercially by LKB-Produkter

Fabriksaktiebolag of Sweden is described.

Adjustments and alignment of the internal baffles were
carried out prior to obtaining a calibration for the instrument
using the well-known thorium active deposit conversion lines,
P32-P33 spectra were taken for the purpose of obtaining a
correction for counter window absorptions An excess of low-
energy electrons in the spectrum was investigated and appeared
to be due to scattering. A newly devised technique of making

VeY«N.S. film source backings is described,

An iridium-192 beta spectrum was obtained with each
of three different sources. End-point energies of 688, 564,
and 269 kev were found and compared with the results of other
investigators. K-conversion coefficients and K/L ratios were
measured for the conversion lines of the 296, 308, 316, and
468 kev transitions. Comparison of ayg values with previous
experimental and theoretical results for E2 transitions

suggest that the theoretical coefficients are 40% too high.
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Chapter I
INTRODUCTION

Sec. I:1 Nuclear Spectroscopy and Nuclear Properties

Soon after Becquerel's digcovery of radiocactivity,
the electronic nature of Beradiation and the electromagnetic
character of y-radiation were established by Rutherford and
BEllis respéctivély. It was not, however, until 1910 that the
first attempts aﬁ energy determination of B-particles were
made by v. Baeyer and Hahn(l) by means of a simple magnetic
spectrograph. The following year, it was noted by v. Baeyer,
Hahn, and Meitner(Z) that a continuous distribution of
radiation or continuum was present in B-spectra as well as

discrete lines. In 1914, Rutherford and Andrade(B) measured

. the wavelengths of y-rays by crystal diffraction. Here also,

discrete lines were observed.

These early experiments in nuclear spectroscopy,
the study of radiation emitted by nuclei, initiated the
development of nuclear physics. The presence of y-ray lines,
for instance, suggested that a given nucleus is capable of
existing in only certain discrete energy states whose

energy differences are those of the lines in its y-ray
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spectrum. This and other information provided a basis for the

shell model of the nucleus according to which individual

nucleons occupy sharply defined energy levels in much the same
way as do orbital electrons in the atomic case. Transitions

between nuclear levels give rise to y-emission in a similar

fashion to the way in which transitions between orbital states

yield visible light.

B;spectra, however, posed a more difficult problem
of interpretation. Initially, it was thought that since the
discrete B-lines were grouped in series whose energy differences
were precisely the differences in energy of the various
electronic states, they were due to photo-electrons ejected
from the K, L, etc. orbits by the monokinetic y-rays emitted
by a nucleus in the process of de-excitation after B-emission,
Although the modern view has retained the gross features of

this description, the interpretation of the sjection mechanism

has had to be abandoned in favor of one involving a direct
interaction of the nucleus with the orbital electrons.

(See sec. I:3),

On the other hand, the B-continua were not explained
until after the introduction in 1934 of Pauli's neutrino

hypothesis which explained the continuous energy distribution
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of B's by asserting that B-caission was in fact a two particle process
in which a neutral particle, the neutrino, having a vanishingly
small rest mass, shared the available energy of a transition

with the simultaneously emitted electron. (See sec I:2).

Much information can be gained from a detailed
study of B-continua. For instance, the shape of a continuum
can yield information about angular momentum and parity changes
in a transition whose available energy can be determined by a
measurement of the end-point of the same continuum. Together
with data from y-ray measurements, this information permits
the construction of nuclear decay schemes which, by systematizing

observed facts, shed light on nuclear properties.

Sec. I:2 Theory of B-Decay

Tllustrated in fig. I.1 a is a typical B-continuum.
The well-defined end-point and the continuous momentum dis-
tribution both point to a process in which the available
transition energy is shared between 2 particles, a 8 -particle
and a neutrino. The end-point energy clearly corresponds to
the case where the p-particle receives all the available
transition energy and the neutrino receives none. Hence a
measurement of the end-point energy yields a value for the

available transition energy.
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In order to obtain an equation for the B-continuum
the following 2 assumptions are made:

1) In a single transition, the B particle and
neutrino are born simultanesously.

2) These are treated as relativistic particles

associated with a quantum-mechanical radiation field.,

The momentum distribution P(p) of B = particles can

be written:

(4)
= —d£ -l e -
P(p)dp = T(p) dEB (I-1)

P(p)dp is actually the probability that a B-particle will be
emitted with momentum in the range p, p+dp, and T{p) 1is the
nuclear transition probability which will be discussed later,
%& is the energy density of final states and represents the
possible number of oscillatory modes per unit volume of the
B-particle radiation field expressed in terms of the energy

and/or momentum of the B~particle.

In order to calculate %% s, the following procedure
is adopted: °

i) First the number of possible modes of wave motion
per unit volume of the de Broglie wave of either a B or

neutrino is found.
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ii) The number of ways in which a B and a neutrino.
could co-exist is calculated assuming that a B particle with
a given mode can be emitted concurrently with a neutrino
having any mode during a single transition.

iii) Since the only possible pairs of modes are those

for which the sum of B and neutrino energies equals the total

transition energy E , the possibilities are adjusted

max

accordingly.

i) In order to obtain quantum conditions for the radiation
field, box normalization is used. If a, b, and c¢ are the
lengths of the sides of a box, then the conditions for stationary

waves within that box are:

J - n1) = nps = Do)
Xg = 1o, mp = 222, n, = 232

2 < 2

where )?, m, and n, are the direction cosines of the normal to

a de Broglie wave front, where nj, np, n, are positive integers,

and where A 1is the de Broglie wavelength.

il
Since A 2 me + n? = 1, substitution of the above

relations into this yields

2 c-(1-2)
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which is the equation of an ellipsoid in nj né n3 space.

If X is specified, then the number of points on the ellipsoid
for which nj, né, and ni3 are positive integers is the number
of modes for a wave of the specified A . The number of modes
in an interval d 2 is obtained by computing the volume between
the positive octants of 2 ellipsoids corresponding to > and

/\ +d A

The volume V of the positive octant of an ellipsoid
is given by V = % m ABC where ABC are its semi-axes. Hence
for ellipsoid (I-2) we get

V)\ :-é"n-a‘.b-%
30X

Thus dV, = - &ﬂ%%pg dx is the volume between the two
A

ellipsoids. If > is small, i.e., if the ellipsoids are large,

then dV X 1is, to a very good approximation, equal to the

number of modes in dX since there is but one point per unit

vodume to be considered in nj no n, space.

Hence if dn is the number of modes per unit volume
of real space, then

the number of modes = Vdn = dV)y = ~ &ﬂ;%éﬁ d >
A

= . Lkﬂ‘ d>\
and dn __i;E.
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If k = £l is the propagation constant, then
A 2
_ k*dk
dn = ——>
217

Thus if dng is the number of possible modes for a B wave

function per unit volume,; then
2
any = Kok
2

Similarly 2
dn =.9.__d‘_.g.
14 1R
where dny is the number of modes per unit volume of
a neutrino wave function whose propagation constant is denoted

by q.

Cid) - The number of ways, dn, in which a neutrino and

p-particle could be emitted together is clearly

23~ 2
dn = dngedn, - £39 , E5X
h , :
Since these are de Broglie waves, p = ; = h k and x = hq where

p and x denote the momenta of the B and neutrino respectively,
«°e dn = (4ﬂ)2 pzdp x%dn
h
Using the relativistic expressions for energy
B? = mRck + p202
E 2
Y

B

i

rn)zlctP + xPc?



where m and my are the rest masses of the B and neutrino

respectively, we get:

2 D KETEITETL ETE5 L am am
i - (L) Eg mVVEBZ mich v By m2ych dEg dE,

1666

iii) Since only those pairs of modes are possible for

which Bg = By, - B

R ) é évl ﬁ
dn a;;;é) EB(Emax’ (Emax'EB) -m, “¢ de dEg

where the negative sign is ignored since only /dn/ is of

interest.
If it is now assumed that my = O then
Q_P__ = (4")2 pz(Emax“EB)g dp "'""'(I"B)
dEB 03h6

since V/EBZ— michk = cp and EBdEB = ¢? p dp.

Equation (I-3) is the encrgy density of final states which
was sought.
lfifff The nuclear transition probability T(p) may be

written in the form:

[
i
y

(i H@pdjy --=(I-4)

T(p)~
g
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where f’i is the initial nuclear wave function, g is the

final nuclear wave function, and H is a Hamiltonian operator.

Fermi(h) chose H to be of the form
H =g pgh, ---(I-5)

where g is a constant and @B and @7 are the time independent
wave functions characteristic of the B and neutrino fields.
Since there is but slight interaction between a neutrino and
a nucleus, it is reasonable to choose Q}g\fexp (i g.g), i.€ey
the free particlé wave function. If, for the moment, Coulomb
effects of the nucleus on B's are neglected, then wauexp

(i ker), but this assumption is valid only if Eg is large.

Thus exp [i(.kz*g)-z] = 1vi(k+gl.r - [f(h*a)'-r.:]‘z + ==e(I-6)

Since @41 and Pp vanish rapidly outside the nucleus,
integration over r is taken from zero to‘the nuclear radius
over which range (k+g).r and succeeding terms are small for
transition energies less the 1 mev. Using this approximation,

T(p) becomes:

T(p) v qZ‘ dr%* 0 ¢ 45| —--(1-7)
°r ™(p) - 21 g2 |u]? ---(1-8)

where ‘M’z is a constant,
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Substituting Eqn. (I-7) and (I-3) in (I-1), the

following expression for P(p)dp is obtained.

21l 2 .
P(P)dp =18 ,M‘ (Emax"EB)z Pzdp "'(1'9)
2n303h7

This expression is however invalid because of the assumption

that ¢Brxaexp (i k.r) which is untrue at low energies where

Coulomb effects become large. These effects may be compensated
by a function, the so-called Fermi Function, f(Z,p), which has

heen calculated and tabulated.(S)

Then g2 [M|* 2
P [;w3c3h7 Zp) P (Fnax™ Bp)” dp
Hence \{/ Pég <7L Bpax- Bp) e-=(I-10)
f Z :p

Usually this is used in the form:

P(Y) A (€,-E ' ;
C - whereY) = L. .where m is the
02 (Z ) (€om€) 1w
rest mass of the electron, and € = -Eé .
me

Equation (I-8) shows that a plot of the left hand

side against EB will yield a straight line whose Bp intercept

is Bygxe Such a graph, known variously as a Fermi, Fermi-

Kurie, or Kurie plot, affords a convenient method of making
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an accurate determination of the B-transition energy, Ep,y.

If a transition involving two or more B-fzeds such
as the one illustrated in fig. I-1b occurs, a complex B
spectrum will result whose Fermi plot will reveal two or more
distinct line segments, one for each so-called partial
spectrum, i.e., one for each B-feeds The final or high energy
segment of the plot may, because of its linearity, be extra-
polated to lower energies as indicated by the dotted line in
fig. I-2a allowing the corresponding partial spectrum to be
reconstructed, Subtraction of this from the original complex
gpectrum leaves the éum of the reméining partial spectra for
which another Fermi plot may be constructed in the usual manner.
This process may be repeated until all the partial spectra

have been separated,

Clearly, (I-10) holds only if the integral (I-8)
does not vanish, in which case the transition is said to be
allowed. If, on the other hand, the integral vanishes, the
transition may still occur but the 2nd or higher terms of
the expansion (I-6) must be considered and iMiz will obviously
be dependent on the B-energies. Transitions of this type are
sald to be forbidden and result in non-linear Fermi plots.

If r+1 terms of egn. (I-6) are necessarily retained, the
spectrum is said to r times forbidden and * is called the

degree of forbiddenness.
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A more rigorous derivation of the transition pro-
bability, T(p), taking forbidden transitions into account
shows that the form of the Hamiltonian (I-5) must be changed
in order that relativity requirements be satisfied, and that
a slight correction due to dropping all but the first term of
fﬁff?i (I-6) must be included. The net result of these modifications
| is that the right hand side of (I-10) must include a factor,
Sy (E), known as the shapé factor, where n is the degree of
forbiddenness. For allowed spectra (n=0), So(E)ZLs which is
nearly constant but which must nevertheless be taken into

account in the most precise measurements.

The presence of orbital electrons screens the
nuclear field in such a way that the Fermi function must be
reduced. Thus one further slight correction, S, must appear
as a factor on the right hand side of (I-10). The functions

Lo(é) and 8(5) have been extensively tabulated.

Sec, I:3 Internal Conversion

A nucleus in an excited state can revert to the
.ground state by either emitting a y-ray or by ejecting an
orbital electron. The latter process, termed internal con-

version, was once thought to be a two-stage process consisting



13.
of y-emission followed by photo-slectron ejection as outlined
in Sec. I:1l, but is now believed to result from a direct
interaction of the nucleus with a K, Ly, Lyr, etc. electron
whose probability of being found within the nuclear volume is
finite. Conversion electrons appear as sharp lines superposed

on B-continua as in fig. I-2b.

The K~-conversion coefficient, aK,is defined as

follows for a given y-ray:
- number of K electrons emitted per unit time
K number of y rays emitted per unit time

Similarly, L and M conversion coefficients, aj and ay,can be
defined. It can be shown theoretically(7) that the K con-
version coefficient will depend upon, among other things, the
y=ray energy, the multipolarity,,?, or angular momentum of the
y-ray, and the electric or magnetic character of the transition

which determines the nuclear parity change once )?is fixed,

Conversion coefficients have been accurately and
extensively calculated on the basis of the Dirac theory of the
electron, assuming a point nucleus, by Rose(a), and com~
parison of these with observed values permits deduction of

the angular momentum and parity changes of the nucleus.



14
The experimental determination of conversion
coafficients involves measurament of the relative areas of

donversion lines and the B-continuumi in generaly for domplei

spectra;

nosof % electrons
o = no.of K electrons - total no.o ransitlons
K no.of corresponding y's ho.0f corresponding y's

total no.of transitions

no.of corresponding y1!S . .
ut . = olu -r t
b total no.of transitions absolute y-Tay lntensity

and in general, this quantity is well-known from curved

crystal spectrometer datae

area of K-line
= area Of p-continuum

absolute intensity of corresponding y-ray

a.(X.K

In the very special case where there is a single
p-feed to a level which is de~excited by one y-rays the total
number of p-particles smitted is equal to the sum of the
number of y-rays and the number of conversion electrons since
each thransition leaves the daughter nucleus in a state which
is de-excited by either y=gmission or internal conversion,
Hence

area of continuum = no.of B-particles = no.of K'stno.of y's
area of K-line no.of K-clectrons no, of K's




15.
Tn actual fact, no. of B-particles = no.of K's + no. of L's + ...
+ no. of y's and so this method is only suitable for the

measurement of the total conversion coefficient, a = ag + opt e

Another method applicable to the determination of
the character of y-radiation is by means of K/L ratios, i.e.,
the ratio of the area of a K-line to that of the corresponding
L-linec.

It is clear from the definitions of ay and oy, that:

9K  no. of K-clectrons _ area of K-line _ K

o—

ay, no. of L-electrons area of L-line L

This ratio is just as sensitive to angular
momentum and parity changes as the conversion coefficients
themselves although, in the above-mentioned case, it permits a
determination of only the percentage mixture and type of the

two or more y-rays present.
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Chapter II

B-RAY SPECTROMETERS

§ec; II:l Introduction: the Flat Spectrometer

4 simple method of examining the momentum distrie

bution of B=particles from a radioaativa material was suggested
by the fact that, owing to their éleéﬁfictdharges; these
particles are deflected by a magnetie £ield according to their
momenta, A maéhe£16 énaiyéér which accomplishaes this task is
known, by analogy to optical spectﬁometers, a8 a Peray
spectroscope and the first such instrument was constructed
and used ﬁy vV, Baayer and Hahn(z). This simple instrument,
which used no focussing principle, was of the type known as
the flat spectrograph, so called because the electrons move
approximately in a plane perpendicular to the magnetic field.
The force F on an electron of charge e in a magnetic

figld B is given by F = - e ¥y x B ¥ g% where v is the velgcity

%
at
where o is the angle between v and B

dp
dt

of the elegtron

~ Hencs !El

]

= g Bvseina

or = ¢ B v, where v, is the component of y along some
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direction in a plane perpendicular to B which shall be called
the radial plane (fig. II-la),

Now p.F = p.%% =¢p.vxB=elpxy)BEO
since p and v are parallel.

icee "
p-dp - p dp - 1 d(p%) 2) -0
dt dt 2 dt

Hence p2 and thus p are constants of the motion.

Thus any change in p is due to a change of direction
and not magnitude. Now since F is perpendicular to both ¥
and B we see that v (and hence p) must precess about the
direction of B making a constant angle o with it. If the
angular velocity of precesion is w = QQ, we see from fig.

dt
II-2b that 1in the limit as

|
. i dp de
/N8 > 0, A = pd@ = Qv -
Ay > 0, F~E! pd@ and 3 s P g - P
Hence pw = e B vy
or p=eBY =¢Bop --=(II-1)

w

where p is the radius of the circular path of the clectron in
the radial plane. Since equation (II-1) has been derived
without introducing an explicit form for p, it is valid in

the relativistic as well as the non-relativistic casc.
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In the case of the flat spectrometer, a = 90° and
s0 v = v, The orbit of a B-particle is in this case a circle
having (ideally) no component of motion in the direction of

the field, Vg

Hence from equation (II-1) it can be seen that in
a fixed-field spectrograph, the radii of the electron orbits
vary as the corresponding momenta, and thus a determination
of the orbital radius serves to fix p, i.e., a narrow bcam
of B-particles is dispersed linearly according to its momentum
distribution. This type of instrument is illustrated in fig.
II-2a where 8 is a source in the form of a fine wire, AB is a
collimating slit allowing only a narrow bundle of B-rays to
enter the spectrograph chamber, and DD' is a photographic
plate. Two groups of B=-particle orbits are shown, having
radii of curvature 1 and pé respectively. Corresponding to
these 2 "lines"gcl and cé, parallel to the slit AB, whose
position on the plate permits a determination of p and hence
of p:s The monokinetic lines are broad since the slit width is
finite and since dispersion causes each line to be broader

than the slit.

A major improvement over the above mentioned direct-

deflection spectrograph was the introduction by Danysz(9 )
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and the use by Rutherford and Robinson(lo)

of the semi-circular
focussing principle, This is_based upon the simple gegmetﬁigal
fact that if & circle is given an infinitesimal=r9tationjabout7f
a point on its cirgpmfeféhce,kphgg'ﬁhe dia@§tri¢§lly opposite
point is‘d;sblacéﬁJtangéﬁﬁialifﬂv Hence ih'fié. II-2b, the
ﬁonokinetip beam defined by the slit converges to an approxie:
mate focus approximately 180° along the circular path. In

this type of instrument, focussing is still limited to the

horizontal plane and a point source still gives rise to a line

on a photographic plate.

At this juncture it should be mentioned that in
addition to the fixed-field spectrograph already discussed
there is a type of instrument known as the fixed geometry
spectrometer in which the photographic plate is replaced by
an exit slit and a Geiger-Muller counter whose positions are
fixed, ie.2., p is fixed, Hence, in order to examine different
momentum ranges, it is necessary to vary the field B. The
chief advantage of such an instrument lines in the fact that
it eliminates the photographic plate for which the density of
blackening is seldom if ever simply related to the intensity

(11)

of B-radiation.
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Focussing in the vertical plane was achieved with
the double-focussing spectrometer developed by Svartholm and
Siegbahn(lZ) in 1946 (fig. II-3). If the principal electron
orbit is defined as being a circle in the symmetry plane of
the magnetic field B (dotted line), it is found that electrons
starting from a point S on this path and making an angle Q,
in the horizontal plane with it, will return to the path
after having described an angle Qp along its length. Also,
if an electron makes an initial angle ‘}, with the symmetry
plane, it will return to the axis after describing an angle

@Z along the path. {p and YUZ are obtained from the formulae:

- 1 :
Pp = m [; + 8o gz(p?{] ) --~(II-2)
e Po
— 1
e [1- 0 Bileo)] TG o-(11-3)
Tz B(po) ’
0

A 1 = 71
and are related by the formula: == + =L eeo(II-4)
Po? Wi 2
Anastigmatic focussing is clearly obtained if
@p = ¥y in which case the condition for double focussing

is, from Egns. (II-2), (II-3), and (II~-4):

B'(py) = = == B(po) ---(II-5)



FIG.I'3 THE w2 SPECTROMETER
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The solution of (II-5) requires that B should decrease as

1/ 4/ in the Vicinity of p = p, (the central path). If this

condition is satisfied, it is seen from (II-4) that double
focussing will occur at a point m /2 radians along the

principal electron orbit from S.

This account of the 1 %2 double-focussing spectro=-
meter serves to illustrate one of the many refinements which
have been incorporated into Be-ray speétrometer. Although many
such improvements in performance have been made, the basic
principle of operation expressed by equation (II-l) remains
the same even for the radically different helical spectrometers
to be discussed later. Hence the simple semi-circular spectro-
meter shall serve in the following as a prototype by means of
which concepts and formulae applicable to all types of spectro-

meters shall be developed.

Sec, II:2 Resolution in Fixed -Geometry Spectrometers

A conversion line profile(ll) is the graph obtained

by plotting the intensities of conversion electrons at the Geiger
counter as ordinates versus the corresponding values of p (or

B) as abscissae. In order that a line profile be a good

reproduction of the actual intensity distribution in the line,
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the detector slit width must be such that it accepts a momentum

interval which is small compared to the total momentum interval

Now from equation (II-1) we see that

dp = e BA o --=(II-6)
keeping B fixed

Hence the momentum interval, dp, accepted by a slit of width

LOpy 1s a linear function of B. Now if<§p is the width of a
conversion line, then it is possible to have B such that dp

is not small compared to égp. Hence at moderate or large values
of B the line profile will become blurred and broadened; more-
over, it is easily seen that the broadening is proportional to
B. Hence if &p' is the full width at half-height of a line
profile then S p' is proportional to B. Moreover, from
equation (II-l) p is proportional to B. Hence it is seen that
the ratio &‘p'/p is constant with respect to B and depends

upon the geometry of the spectrometers This ratio, expressed

as a percentage, is known as the resolutioélg? the spectrometer
and is a measure of the ability of the instrument to distinguish
fine detail in a spectrum. The resolution is a constant with
respect to B for all fixed geometry spectrometers including

the helical spectrometers to be discussed in the following

section,
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hnother conscquence of the variable momentum

interval accepted by the detector is a distortion in the shape

of the spectrum. This may, however, be easily compensated by

a process called normalization which is discussed below.

Now AN = G(p) dp where G{p) is the momentum

distribution function ,or

G(p) =%§
: ice., G(plx. AN for constant dp.
But dp = e B d p and is a function of B.
Tarco Gip) = oN
eBdp
or G(p) X é%?— ~ee{II-7)

Hence to obtain the true momentum distribution G{p) the
intensity of radiation in each interval must be divided by the

field B appropriate to that interval or by something which is

proportional to B. This process is called normalization.

Before proceeding to a discussion of helical spectro-
meters, it shnuld be mentioned that while flat spectrometers
ff?5ﬁf are capable of very high resolution of the order of 0.1%, they
- in general suffer from poor transmission, where the trans-
mission of a spectrometer is defineé]gg the percentage of

monokinetic electrons leaving a source that arrive at the
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coufiters In general; at high resolution transmisaich is of
the order of 0;5% in this type of instrument:

Sec¢: II:3 Helical Spectrometers

A major change in the basic design of-B-ray spectro-
meters came with the proposal by Kapitza'l¥) in 1924 to use a
magnetic lens for the analysis of B-rays. This suggestion

(15)

was implemented shortly thereafter by Tricker who used a

long solenoidal lens whieh produced a uniform field, and later

by Klemperer(lé)

who used a short lens which produced a non-
uniform field. These early helical spectrometers could not,
according to Siegbahn(l7), compete in any respect with semi-
circular instruments, the only type in use at that time, and

it was not for some time that any serious attempts were made

to improve them.

The basic operating principles of the helical
spectrometer are best developed by reference to the solenoidal
lens which lends itself to g simple theoretical treatment,

In this instrument, B-particles emitted by a 8ourcée S on the
axis, SZ, of the solenoid, ¢, pass through an entrance slit
and are them focussed on a counter window placed at another

point on th@ axis, F . This is illustrated schematically in




FIG. I-4: THE HELICAL SPECTROMETER
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fig. II-La which shows the trace of the electron orbit, i.e.,
the projection of the orbit on the meridional plane which is
the plane defined by the axis of the solenoid and the
instantaneous position of the elsctron. The trace does not
completely describe the path in space of the electron since it
doecs not take into account rotation around the axis, but,
because of axial symmetry, the trace contains thosc elements

relevant to the electron optics problem.

4 co-ordinate system with origin at S is chosen so
that the Z axis lies along the axis of the solenoid (parallel
to B) and so that the r axis is perpendicular to this. Con-
sider an electron of mass m and charge e emitted with velocity
v from the origin making an angle o with the Z axis. Let vy
and vy be the components of v along the Z and r axes respect-
ively. Thus, if p is the momentum of the electron,

V.. = Vv sin o = P sin a Vy = V COs o = 2 cos a
r . m m

Also, since only the radial part of the motion is affected by
the magnetic fisld, we have from equation II-1 that p sin «
= ¢ B p, where p is the radius of curvature of the radial part

of the motion (see fig. II-4b).

It is desired to locate the point F at which the

electron returns to the Z axis after one revolution.
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If w is the angular velocity of the electron, then

Vp - P Sin a eB

W= 5" —mp— T m >

and if t is the time required to return to the axis, then

20 = wbt and t = 20 _ 2mm

o

e

€

At this time, the electron has moved a distance /(= SF along

the 7Z axis where

Y - = RTT P COS a e T~
X = vyt = (1I-8)

or

B = %g cos a --=(II-9)

=

£
Hence if B has the value determined by (II-9)

electrons of momentum p leaving S at an angle a are brought

to the axis at F and for different values of B, electrons of

different p are brought to the axis at F along the same orbit.

Hence, by the introduction of ring slits which restrict
clectrons to an orbit with some chosen entrance angle o, a

solenoid may be used as a B-ray spectrometer.

It can be seen from fig. II-4a that two nearby
traces cross over at a point R whose co-ordinates (Zé, ré)
depend upon a. Hence, if a screen were placed at Z = Zé,
the electron beam would design upon it a ring of radius ré

known as the ring focus whose position, which may be
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locates the exit slit. The combination of cntrance

(18)

computed
and exit slits shown in fig. II-4a excludes orbits such as
that representad by the dotted trace and hence prevents the 2
admission to the counter window of particles with momentum

greatly different from p.

It will also be noted from equation (II-8) that for
fixed p and B, &?varies as cos a and hence a finite slit width
allowing more than one entry angle, a, will result in the
focal point, F, being blurred. This is known as spherical

aberration and is illustrated in fig. II-4a.

The disadvantage of this type of instrument is a
direct consequence of the large size of the disc of least
confusion, represented by the linc DDf which arises out of the
spherical aberration of the instrument. The size of this disc
determines the area of the counter window which must be used
in order that a large percentage of the transmitted electrons
be collected, and very large windows require a supporting
grid whose presence can reduce the effective aperture of the
window by as much as 30 to 50%(17). Limiting the entry angle
a by means of the entrance slit will of course reducce the
spherical aberration, but the accompanying reduction in solid

angle reduces the transmission appreciably thus off-setting
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any advantage gained by using a smaller counter. In general,

the detector problem limits the transmission of this type of

instrument to 5% or less.

Attempts to decrease the spherical aberration
inherent in the solenoid spectrometer have resulted in the use

(19)

of non-uniform fields. Theoretical investigations have
shown that spherical aberration is present only as a 3rd order
effect in fields having certain singularities on the magnetic
axis. Such fields cannot be¢ produced by coils external to the
electron beam, but may be approximated by a regular field
which varies in such a way that the graph of its intensity
plotted as a function of distance along the axis is concave
upwards. Spectrometers having this type of field-form have
been built by Siegbahn(zo), Lauritsen and Christy(zl), and
(22)

Agnew and Anderson , among others. Spectrometers using
other strong-gradient fisld-forms such as the prolate
spheroidal field spectrometer of Richardson(zs) have also been
constructed. The Richardson instrument has attained resolution

of 2% at 6% transmission but at 1% resolution the transmission

is only 1..4%.
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Sec. II:4 Intermediate-Image Spectrometers

In order to cxplore the possibilities of concave

(24) in 1949 constructed

field instruments, Slates and Siegbahn
a spectrometer having a solenoid divided into five separate
coils. With this arrangement, the field gradient along the
axis could be varied within wide limits by simply adjusting

the currents through the individual coils,

The apparatus is shown schematically in fig. II-5.
A sheaf of electrons from the source S is selected by the
entrance slit AB located near the source. These then pass
through the exit slit EF which is situated in the median plane,
i.es, that plane perpendicular to the axis located half way
between the source S and the focal point F. As in previously
discussed helical spectrometers a ring image is formed some=~

where between source and focus.

It was found that for a certain field gradient, a
pronounced increase in transmission occurred. Using the strong
F-line from ThB as a monokinetic electron source, it was found
by the method of photographic ray tracing that the ring image
was formed in the median plane and that the electrons converged
Lo a point F on the axis with very little spherical aberration.
Hence, with this field-form, it was possible to have large

transmission using a small counter window.



FIG.I' 5: INTERMEDIATE-IMAGE FOCUSSING
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4 value of 8% transmission at 4% resolution using a
source of diameter 5 mm and a central baffle opening of & mm
was reported, but the transmission at 1.7% resolution, the

best obtained, was not given.

An lmproved version of the intermediatc-image
spectrometer of Siegbahn and Slatis is manufactured commercially
by LKB-Produkter of Sweden. One of these spectrometers was
used in the present work and is the subject of the following

chapter.,
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Chapter III
THE LKB 3024 SPECTROMETER

S5ec. IITI:1 Introduction

The operating principle of the B-spectrometer built
by LKB-Produkter Fabriksaktiebolag of Sweden and shown in
plate I is the same as that of the original Siegbahn-Slatis
intermediate-image instrument discussed in chapter IT.
Numerous refinements have, however, been incorporated into the

commerical model which greatly extend its usefulness.

The principal components of the spectrometer
system are the following: -

1) Spectrometer proper,

2) Vacuum system,
3) Magnet power system,
L)

Detection system.

These will be described in detall in the sections to follow.

Sec, III:2 The Design of the Spectrometer

The instrument is illustrated schematically in
fig. III-1. The magnet, having a source-to-detector distance

of approximately 550 mm, consists of a number of disc-like
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coils of hollow brass tubing arranged coaxially within a
cylindrical jacket formed by 20 iron bars so that the approp-
riate focussing-field gradient is produced in the chamber,
The individual coils are positioned relatively to sach other
by fiber spacers and by brass struts serving also to hold them
rigidly in place with respect to the iron end-plates into
which the pole-pieces are fitted. The chamber is rendered
airtight by means of an '!'0'f-ring seal between the rims of

the pole-pieces and the brass lining of the cylinder.

The entrance slit or baffle, made of 3 mm thick
aluminium sheet, consists of a circular ring and a coaxial
circular plate located slightly further from the source. The
inner edge of the ring and the edge of the plate are bevelled
to an angle of 35°, The minimum inner diameter of the ring
is 94 mm and the maximum diameter of the plate is 94 + 3 tan
350 = 96,1 mm, allowing the plate and ring to be fitted
smoothly together. These are both attached to a shaft which
projects outside the pole-piece. The position of the plate
may be varied from O to 30 mm with respect to the ring by
rotating the shaft which is equipped with a micrometer scale,
and the axial position of the baffle unit (ring and plate),
as measured by the ring-to-pole-piece distance, may be

varied between 62 and 90 mm by moving the shaft parallel to
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the spectrometer axis. The axial position of the ring is
indicated by a millimeter scale inscribed on the shaft.

The exit slit or central baffle consists of an outer,
circular aluminum ring of inner diameter 180 mm,, and an inner,
circular, brass plate which is coaxial and coplanar with the
ring:, The design of the inner plate is similar to thet of the
iris diaphragm of a camera and allows the slit opening to be
varied from O to 10 mm. by means of g shaft equipped with a
dial which projects through the pole-piece. The outer ring,
whose outside diameter is a few mm. less than that of the
spectrometer chamber, rests upon two threaded pins which project
through the chamber walls. By adjusting these screws, the
centre of the baffle may be aligned with the magnetic axis of
the spectrometer. The central baffle is held ercct by means
of an aluminum and brass framework equipped with 3 adjusting
screws which allow slight variation of the angle made by the
plane of the baffle with the spectrometer axis. In order that
paraxial radiation be prevented from reaChing the detector,

a lead cylinder 10 inches in length is mounted in the centre

of this framework.

Sources are inserted into the spectrometer through
a hole drilled along the axis of the pole~piece by means of

a sample holder consisting of a stainless steel shaft



i

L2222 )

7
T

DR

— — 4=~

A: SOURCE HOLDER

B

: GEIGER TUBE

FIG. T2



3L

attached to one end of a stainless steel-reinforced aluminium
cylinder, the other end of which is machined to receive an
aluminium source ring. This is brought into the chamber by
means of a vacuum lock attached to the outside of the pole-
piece. The shaft is equipped with a millimetre scale which
allows the source position to be varied I5 mm. along the
spectrometer axis about a point 37 mm. from the pole-piece.

The source holder is shown in fig. III-2a.

Sec. III:2 .The Vacuum System

Since the mean free path of electrons in the chamber
ought to be at least several meters, the chamber pressure must
be brought down to 0.1 micron Hg or less: This is accomplished
by a standard arrangement consisting of an oil diffusion pump
backed by a single-stage rotary pump, and shown schematically

in fig. III-3.

The pressure in the system is measured by three
Pirani type gauge tubes, situated as shown in the diagram,
connected to a slightly modified LKB 3294B ''Autovac'!'! gauge.
This device possesses an automatic range-switching relay which,
together with a hydraulic flow switch in the diffusion pump

cooling water line and a thermal switch mounted on the
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diffusion pump, forms an claborate safety circuit for the
protection of the diffusion pump oil which, when hot, oxidizes

rapidly if exposed to air at pressure greater than 100 microns.

The safety system operates by means of the spring-
loaded valves V1, V2, and V3 fitted with electromagnetic
clutches (not shown) which, if de-energized allow the valves to
slam shut instantancously. For instance, V1 closes auto-
matically if the forevacuum pump motor stops, V2 closes auto-
matically if the air pressure riscs to such a degres that the
'tgutovac'! gauge switches to its high range, or if the cooling
water flow is cut off, and V3 closes under any of these
conditions. V3 will lock open, however, if the difussion pump
is cold, in‘which case there is no danger that the oil will be

oxidized.

Sece IIT:4 The Magnet Power System

The manufactursr's diagram of the magnet power system
is included for reference as Fig. III-4. The power for thé
field coils is supplied by a D.C. generator rated at 60 volts,
600 amps, and driven by a L& kw., 3-phase induction motor. The
star-delta starter is equipped with a delayed thermal cut-out

which switches off the power if the current in the motor
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windings rises past a pre-selected point. This allows the
current output to be maintained at 700 amps for about 15
minutes provided that the magnet cooling water supply is

adequate.

The current regulator compares the voltage drop
across a precision .002 ohm manganin resistor, R67, which is
immersed in a water-cooled oil bath and conndcted in series with
the magnet coils, with a continuously variable reference voltage
supplied by a dry cell. After amplification, the error or
difference voltage appears as an unbalanced current from 2

output valves, V8 and V9, connected in parallel through two

counteracting exciter field windings, CE and CF, on the generator,

Hence a difference betwsen the reference voltage and the drop
across R67 will result in an unbalanced exciter field current
which will tend to change the output of the generator in such
a way as to reduce the error voltage. Since the maximum
imbalance current from the tubes is limited to a few milli-
amps, this system is suited only to stabilization of the
generator output. The level of the output is controlled by a
voltage-sensitive relay connected across the output tubes
whierh fimne if the imbalance current exceeds 60 microamps,

starting a motor-driwven po*tartinmaten. R78  which increasecs




37.1
the current through a third exciter field winding, CD. As soon
as the imbalance current drops below 30 microamps, the relay
cuts out leaving the clectronic regulator to control the output

current.

In practice, an output voltage is pre=-set on an
accurate potentiometer connected across the manganin resistor,
The generator output is then increased by increasing the
regulator reference voltage until the desired current, as
measured by the voltage drop across R67, is obtaineds The
system keeps the magnet current constant within 0:1% of any pre-

set value within the normal working range 10 - 600 amps.

Sec., IITI¢5 The Detector Systen

The LKB spectrometer makes use of a Geiger-Muller
tupe detector; although provision cxists for the installation
of sgintillation equipment. The Geiger tube, shown in fig.
III-2b and located on the front of the pole-piece opposite the
source, is a small brass block having a cylindrical bore and
plastic end-plates to which the central wire is attached. A
hole, over which the window assembly is fitted, is drilled
in the front of the block through to the bore. The window

material - formvar or thin polyethylene film - is stretched



4371v3S

W3ILSAS NOILO313Q :GWold

A1lddNsS
=

d314

N

— |TTdNV

dWV34d

/N

3Jdnl
‘W9

AlddNsS
‘LH




38,
tightly over an & mm. diamceter circular hole in a brass disc
and held by means of an '!'0''~ring fitted into a circular
groove cut in the disc. This assembly is screwed tightly to
the brass block making a gas tight seal. The brass block is
iteself connected by another '!'O*'f-ring seal to a pipe,
inserted through the pole-piece, by which the gas mixture,
60% argon, 4L0% propane at 80 mm. Hg pressure, is admitted.

The pipe is equipped with a valve connecting the Gelger tube
to the spectrometer chamber in order that the tube may be
evacuated. The window is situated 25 mm. in front of the pole-

piece at the focus of the spectromster.

The complete detection system is illustrated in the
block diagram fig. III-5. The Geiger tube is energized by the
application of a positive high voltage of the order of 1000
volts to its central wire. Pulses from the counter are fed
into a cathode-follower pre-amplifier supplied with the spectro-
meter by its manufacturer, and from there to a Technical
Measurement Corp. model AL-24 linsar amplifier with variable
gain and pulse clipping time. Pulses from the output of the
amplifier are fed to a modsl SG-3A scaler equipped with a bias
voltage selector variable continuously from -100 to +100 volts

which accepts pulses greater than the bias setting, also made
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by Technical Measurement Corpi All units are powered by
ordinary 110 volt 60 cycle 4:Cs direct from the mains with the
sxception of the pre-amplifier which draws both its 260 volt
plate voltage and 6i5 volt filament voltage from a single

regulated power supply manufactured by Lambda Electronics Corps

411 units are mounted in a small steel rack located
beside the p-spectrometer control unit with the exception of
the pre-amplifier which is mounted on the outside of the pole~-

picce on which the counter is situated.

The high voltage setting to be used is determined by
plotting the counting rate versus the high voltage with a
constant number of B partlclbs per second entering the counter.
1.The hlgh voltagg is set approx1matbly in the centre of the
ttplateaut?! of the curve, i.e., that region of the grqph 1n
which the counting rate is constant with rusp ct to hlgh volt—
'dé‘ - Because of varlﬂble gas mixture arising from ru51dual
air in the counter, the position of the platpau varies in tlme

and must be checked periodically during operation.
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Chapter 1V
ADJUSTMENTS END CALIBRATION OF THE SPECTROMETER

Sec, IV:1 Baffle Alignments

It was pointed out in chapter II that in helical
spectrometers, the orbit followed by the electron beam from
source to detector is independent of the focussing field and
the corresponding clectron energy. In the LKB spectrometer,
electrons of all energies form intermediate ring images of
different radii only one of which is transmitted past the
central baffle at a given magnet current. The ring image of
the Th B F -line, shown in plate II, was obtained by placing a
circular shecet of x-ray film supported by an aluminium disc
in the position usually occupied by the central baffle while
the magnet current was adjusted to a value such that the F-line
would have been focussed at the detector had the cantral
baffle been in position and no obstructions present. Because
the F-line, one of the strongest known conversion lines, 1is
so intense with respect to the continuum and other Th B lingcs,
its presence rendersTh B an almost monokinetic source of
electrons and, as such, ideally suited for photographic ray
tracing. 4s the fiéld is increased from zero, a fing image

formed by clectrons of a particular energy shrinks radially

o P TS TEAY
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sweeping over the annular slit of the central baffle. In
order that good resolution and transmission be attained, it is
clear that the centre of the ring slit must be on the axis of
the magntic field which, because of slight irregularities in
the position of the coils, does not necessarily coincide with
the geometric axis of the spectrometer. One of the more
extreme cffects of central baffle misalignment is illustrated

by the 't*line'! profile of fig. IV-1l.

Alignment , accomplished by means of the two adjusting
screws mentioned in the previous chapter, is rendered difficult
by the presence of backlash in the screws and the consequent
uncertainty in the baffle positiom. The technique of adjust-
ment consists of taking F-line profiles at various (non-
reproducible) central baffle positions until a good line profile
is achieved. In the opinion of the author, the design of the
spectrometer renders such adjustments unnccessarily time-~
consuming since the spectrometer chamber must be opened, with a
consequent loss of vacuum, in order that the three adjusting
screws on the supporting frame may be slackened off to allow

free movement of the bafflec.

The effect of nominal central baffle aperture on

resolution and transmission is illustrated by the F-line
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profiles of fig. IV-2 taken with a 1/3 mm. diameter Thorium
source. In general, increasing the aperture for high transmission
results in a loss of resolution not necessarily undesirable if
weak sources are being used. The optimum aperture opening is
decided on the basis of source strength and the finencss of

detail required in the spasctrum.

Once the central baffle has been adjusted for good
line profiles, the entrance slit baffle aperture must be ad-
justed for optimum resolution. This is quickly and gasily done
by the method of taking line profiles at different aperture
openings. The results of these tests, shown in fig. V-3,
indicate that the optimum profile occurs when the circular ring
is located 70 mm. from the pole-piece and the circular plate is

located 8 mm, from the ring.

Since the positions of the central baffle and entrance
baffle determine the geometry of the electron orbit, the source
must be moved to the region where this orbit intersects the
spectrometer axis. This point is determined again by the method
of taking line profiles at various source positions. The
results, shown graphically in fig., IV-4, indicate that the
best profile is obtained for a nominal source setting of -5
corresponding to an actual source position of between 35 and

40 mm., in front of the pole-piece.
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Sec, IV:i2 Calibration of the Spectrometer

Deviations from strict linearity of the relation
between magnet current and focussing field in the LKB spectro-
meter aré stated by the manufacturer to be less than 0.1% over
the region from 15 to 235 amps, i.e., from 30 to L70 millivolts
as measurced across the resistor R67. Since the B-particle
momentum is directly proportional to the field B, as shown by
squation II-1, it is possible to find a calibration factor, k,
which converts millivolt readings, v, to momentum values,~2,
in units of mgc where m, is the electronic rest mass and ¢ is
the velocity of light.

Thus m= k v

But from equation II-1, p = eBp

’ - &Be _ Bp -
v 0 T mge T Toosas K7
B
andk:—.—_—-g————-—-
170445 v

Bp values for the Th 4, B, F, I, Ia, and J!lines have
been accurately measured by Siegbahn and Edvarson(25), and for

the Th L and X lines by Lindstrom 2

, providing a convenient
means of determining k. In the present work, the peaks of the

Th B, F, I, L, and X lines were taken as calibration points.



The values of k obtained are listed in table 1.

Table 1: Calibration
Bp
. [ —
line v Bp 170k.45 v

Th B 31.65 652.38 .012075
F 67.27 1388, 44 .012099
I 85.04 1753.91 .012091
L 126.35 2607.17 .012097
X 4L83.3 9986.7 012124

kK = .012097 1 .000011

If the spectrum of the isotope being examined
possesses conversion lines due to y-rays whose energies have
been accurately determined by crystal diffraction methods,
these may be used for calibration purposes in addition to

or in place of Thorium lines.

In order that k be constant from one series of
measurements to another, it is necessary, because of hysteresis,
that the initial state of magnetization of the spectrometer be
the same cach time and that the magnet current always be
changed in the same direction. Complete demagnetization of
the spectrometer before each new series of measurements,
accomplished by taking the magnet around successively smaller
hysteresis loops ensures that each initial state, in which

there is no residual field, is the same.
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PREPARATION AND MOUNTING OF SOURCES

Sec: Vil General Considerations

Ideally, sources for use in B-ray spectroscopy should
be of zero thickness and should have no backing, for if a source
is of finite thickness, the energy of some of the B-particles
will be reduced duc to absorption in the source materia1(26)
whersas the backing material introduces backscattering of -
particles(27). Both of these effects yield a surplus of low-
enaergy electrons which will distort the shape of the 8-ray
spectrum and perhaps give false indication of low energy p-feeds.
another possible consequence of these effects is a change in

curvature of the Fermi plot suggesting that a forbidden spectrum

is actually allowed or vice-versa.

Since the source emits B -particles, it becomes
positively charged and unless provigion is made for grounding,
a strong electric field may be set up in the neighborhood of
the source which may shift the spectrum by many kilovolts(zg)
toward lower energies. This effect is however evenly diss
tributed over the spectrum and will not produce distortion

but merely displacement of the spectrum.
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Sec, V:2 Calibration Sources of Thorium Active Deposit

For purposes of calibrating a B-ray spectrometer, it
is convenient to have available a series of intense, well
separated conversion lines distributed over a large energy
interval. Such lines are found in the B-spectrum of Th active
deposit or Th (B+C+C'!') which is produced by the decay of
thorons. The Bp values of these lines have been determined by
Siegbahn and Edvarson, and Lindstrom(zg) to within 1 part in 104

snd hence these may be used for calibration.

The thorium active deposit is obtained from a ''pot'!
containing radiothorium which decays with a 1.9 year half-life
by way of ThX to gaseous thoron (ééORngé) which diffuses
throughout the pot. The thoron in turn decays by ca-emission
with a 54 second half-life to ThA which is a solid at room

temperatures. The a-emission processess disturb the extra-

nuclear structure of the resulting thorium A atoms by ionization

so that many are left positively charged while a few are left
negatively charged and hence they may be collected by recoil
from the gas on a platinum button which is maintained at a
high negative potential. The thorium A then decays by
a-emission with a.l6 second half-life to thorium B which

remains on the button, and, along with its short lived
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daughter products, ThC, ThC! and ThC'7, comprises thorium
active deposit which decays with an equilibrium half-1life of

10.6 hours, that of thorium B.

The source thus obtained is a nearly monatomic layer
and hence effects due to source absorption are negligible.
iAlthough electrons of the intense conversion lines are strongly
backscattered by the platinum backing, this does not effect
their shapes or positions and hence lines from such sources are
suitable for calibration. The backscattering of clectrons does
however render such sources unsuitable for observations of the

g=continua.

Sec, V:3 V.Y.N.S. Thin Source Backings

For measurements of B-continua, backscattering must
be rendered ncegligible and hence thin films of low atomic number

must be uscd.

In the past, use has been made of nylon, formvar,
cellulose acetate and nitrate, collodion, zapon, and terylene

as well as mica sheets, aluminium foils, and aluminium oxide

films. In general, the organic materials mentioned yield
films with thicknesses of ~ 20-40 ug/cm? but which suffer

from either a lack of resistance to the chemical reagents
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used in the commercial preparation of active materials or a
lack of mechanical strength(30'37). Mica sheets possess good
mechanical and chemical properties but are too thick
(-~ 500 pg/cmz) to be useful for anything but conversion line
studies. Aluminium foil on the other hand is available in
thicknesses of ~v 200 ug/cm2 but lacks both mechanical strength

and chemical resistance. Oxide films show excellent chemical

properties but are extremely fragile.

’ L new material has recently been introduced(38> viz.
V.Y.N.S. resin (a polyvinylchloride acetate copolymer manu-
factured by the Bakelite Co.) which possesses remarkable strength
both mechanically and chemically. It is solubl: in

cyclohexanone.

The common techniques of producing thin films such as
pipetting a drop of a solution of the material onto a water
surface(31) o casting films on a glass slide(33) fail for this
material. 4 somewhat elaborate technique described by Pate and
Yaffe(38) consists in placing a small quantity of a cyclohexanone
solution of V.Y.N.S. in the space between the side of a water
filled tray and a half-submerged cylindrical rod. The rod is
then drawn at a constant speed parallel to and slightly above

the water surface leaving a thin film floating behind it. It
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is frequently found that such films are wrinkled, and any flat,
smooth areas are liable to show striations by reflected light.

indicating non-uniformity.

The following technique(Bg) which has been devised
in the course of this work produces strips of thin film which
are invariably smooth and whose thickness slowly varies 1in a
linear fashion with distance along the strip. Such films are
nearly constant in thickness across their widths and show few,

if any, striations.

A little V.Y.N.,S. solution is spread evenly with a
dropper along the edge of a thin plate such as that of g picce
of window glass. The coated edge is then touched to the surface
of water contained in a large developing tray so that all
parts of the edge make simultancous contact. This is most
casily accomplished by viewing the tray from above so that the
edge of the plate can be aligned with its image in the water
surface by a slight rocking motion of the plate against the
side of the tray. A4 sheet of film whose width is nearly the
same as that of the edge of the plate is then drawn by surface

tension across the water surface,

If a solution of one part of V.Y.N.S. resin to

five parts of cyclohexanone by volume is used, films whose
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thickness is of the order of 10 pg/cm? are obtained. 4s is to
be expected, it is found that more dilute solutions yield
thinner films. It is also found that better films are produced
on cold (10°C) water than on warm (45°C) water. The water must
be changed frequently, for increasing concentrations of the
solvent in water tend to interfere with the spreading process

and wrinkling may result.

In order to remove the films a wire ring is slipped
undefneath the strip and raised until complete contact has been
made. The excess film is then detached by running a paintbrush
moistened with cyclohexanone arcund the perimeter of the ring.
Care must be taken that the ring projects slightly above the
water surface; otherwise, the detached portion of film may
float free and may wrinkle if an attempt is made to retrieve
it. In order that surface tension forces do not tear the film,
it must be lifted from the water surface with a rolling motion
so that one edge is separated first; the angle between the
film and water surface is then slowly increased until the

film is perpendicular to the surface. Then the film may be

‘1ifted intact from the water., This method usually prevents

water droplets from adhering to the film where they would

lecave a residue upon evaporation.
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The wire frame supporting the film is then brought
down on an annular aluminium source ring so that the film
makes contact with the flat, circular surface and a paintbrush
moistened with cyclohexanone is used to detach the film from
the wire frame. The film adheres to the aluminium ring and
any wrinkles arising during.the process of transfer from the
wire frame may usually be removed by gently stretching the film
from the edges with the fingertips. It is found that an .
indication of the thickness of the film can be gotten from its
colour(38), ‘bluish gray films corresponding %o a thickness of
1 tob ug[cmz. In the present work films of this order of

thickness were used exclusively.

Sec. V:4 BEvaporation of Gold onto V.Y,N.S. Films

is mentioned in the first section of this chapter,
sources must be grounded in some fashion in order to prevent
them from becoming charged. This was nccomplished by the
vacuum deposition of a very thin layer of gold onto the V.Y.N.S,
films. Such films exhibit a reddish coloration by reflected
light and a blue coloration by transmitted light. Pate and
Yaffe(38) made spectrophotometric measurements on gold layers
of various known thicknesses on V.Y.N.S. films and found that

the first reddish colouration appears at a thickness of
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Q.4 ug/cm2 and deepens until a rich reddish-purple is attained
at n15ug/cm2. 4t thicknesses in excess of 10 ug/cmz, the gold
films were seen to exhibit a metallic appearance and the

V.Y.N.S. films tended to sag and wrinkle.

The present writer observed that in a group of five
coated films all of which exhibited approximately the same
shade of blue by transmitted light, some showed only a trace of
reddish color by reflected light whereas others had a more pro-
nounced coloration. It is hence concluded that observations
made by reflected light are more sensitive to the thickness of
the metallic layer than those made by transmitted light. A
sixth film showed a deeper shade of blue and also a very deep
red coloration by reflected light but exhibited no metallic
appearance in spite of the fact that sagging and wrinkling
occurred. The colouration of this gold film suggests that its
thickness is < 10 ug/cm2 and the wrinkling is thought to bé
due to the thinness of V.Y.N.S. films used. Since the films
used for actual sources exhibited fairly deep reddish coloration,

it is estimated that their thicknesses are of the order of

5 ug/cmz. Tt is thus scen that the maximum total thickness

of the source backings used is of the order of 10 ug/cm2.
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Tt is not practical to use gold laycrs thicker than
5 pug/em?, for at that thickness, the resistivity of gold is
nearly as low as that of the bulk material, and any further
increase in thickness would result only in an undesirably thick
backing. The resistivity risces sharply for thinner layers,
however, and if these are used, it is likely that source

charging will occurs

The vacuum deposition of gold was accomplished with
the aid of an Edwards '‘'Speedivac?! model 12EA/ 620 coating
unit, This apparatus utilizes a trough-shaped piece of moly-
bdenum ribbon clamped between 2 electrodes to hold the material
to be evaporated onto the work which is supported 6 inches above
the Mo trough by a ring stand. The whole assembly is enclosed
in a 12'!' diameter glass bell jar which may be evacuated by
means of an oil diffusion pump backed by a single stage rotary
pump. The heater current between the electrodes may be con=-

trolled by a variac-type variable transformer,

The gold to be evaporated was in the form of a 1/8'?
length of 040 inch diameter wire. The source discs were
screwed to a square aluminium plate which was placed on the
ring stand. Current was passed through the trough until the

gold melted and distillation was maintained until the proper
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coloration was observed on the films.

Sece V:i5 Deposition of Active Material on the Films

Liquid source matcrials were deposited by means of
a glass syringe fitted with a hypodermic needle the point of
which had been ground off so that drops formed on its tip

rather than its side.

Initially sources were prepared by forming a droplet
on the tip of the needle, visually centering it over the source
ring, and then touching it to the film. The droplet would

adhere to the film and could then be evaporated to dryness.

Needless to say, sources prepared by the above
dropping technique are liable to be slightly off-centre and
hence a method of centering the hypodermic was needed. A
device which performs the double duty of centering the active
droplet with respect to the source disc and shislding the worker's
eyes from the B-radiation emitted by the source was constructed,
Essentially, it consists of an aluminium tube bored out to just
receive the glass syringe, a threaded end-cap to facilitate
raising and lowering the syringe, and a perspex tube bored out
to the diameter of a source ring which allows the worker to

see the drop as it touches the V.Y.N.S. film,
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Sources of differcent strengths can be obtained by
successive superposition and evaporation of droplets onto the
same source disc but the uscefulness of this method is cir-
cumscribed by considerations of source thickness, etc., outlined

in the first section of this chapter.
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Chapter VI
CORRECTION FOR WINDOW ABSORPTION

Sec, VI:1l Introduction

The absorption of B particles in the region below
150 kev by the Geiger counter window will result in Fermi plots
of allowed spectra showing marked deviation from linearity. It
is therefore essential in low energy work to compensate for
this by means of a correction to be applied to observed counting
rates. Such a correction can be obtained by comparing the
theoretical shape of a spectrum known to have an allowed shape

with its observed shape.

It is reported by Pohm et al.(4o) in an experiment
to detect slight non-linearity of the Fermi plots of several
allowed spectra, that the spectrum of P32 yields a Fermi plot
which is very nearly linear and hence suitable for use in finding
a correction factor. The small quantity of P33 contained in
available supplies of P32 raises no question as to the feasi-
bility of its use since the spectrum of P33 is also known(hl)

to be allowed and to have a linear Fermi plot.
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Sec. VI:2 The B-Spectrum of P32 - P33

Sources were prepared on V.Y.N.S. backings using
ttcarrier-free! processced P32—P33 in the form of phosphate
ion in approximately 1 cc. of 0.05 N HCL sodution obtained

from atomic Energy of Canada Ltd., Chalk River.

4 preliminary run made on the B-spectrum revealed the
presence of apparently three partial spectra instead of the two
expected; in view of this, a second run was made with improved
counting statistics. The Fermi analysis of this run, shown in
table II(a), again revesaled three partials when plotted
(fig. VI-la). An ordinary least squares determination of the
end-point, é:oi’ and slope, my, of the first or high energy
partial yielded the values & 57 = 4.3122 moc2 = 1692 kev and
ml = 3.791875 which were used in the construction of table II(b),
representing the spectrum of the second and third partials
only, shown in fig. VI-1b, by the method of subtraction outlined
in chapter II. 4 further least squares analysis of the data of
table II(b) showed the end-point and slope of the sscond partial
to be €, = 2.2727 mye? = 650 kev and my = -3.723856. These
were in turn used to construct table II(c) and fig. VI-lc
repraesenting the third partial spectrum alone which has an
end-point €oq " 1.4896 m002 = 250 kev, by the method of

least squares.




Table II (a)

FERMI ANALYSIS OF 2nd P32-p33 SPECTRUM

Backeground = B = 10,1 counts/min,
docay | Co3 e |ur |wr  Wwr
nv c/min decay C-B 2
factor mv x100 £
30 10.2 0. 33 1.0638 3,049 1.01 1.005
35 18.5 24,00 1.0859 2:463 59.11 7,69
4O 37.5 68. 50 1.1110 2.033 139,26 | 11.80
L5 6L.1 120,00 1.1386 1.698 203.76 | 14427
50 90.1 160,00 1.1686 lob4l 230.56 | 15.18
55 111.3 184,.00 1,2011 1.236 227.4,2 | 15,08
60 128,6 199.48 1.2356 1,071 213.64 | 14.62
65 149.7 1.01 216,92 1.2722 0,936 203,04 | 14.25
70 161.8 218.88 1.3104 825 180.58 | 13.44
75 168.0 218.95 1.3503 0732 160,27 | 12.66
80 .80,.8 221.92 1.3915 654 145,14 | 12.05
85 192.2 222,81 L.4344 . 587 130.79 | 11l.44
90 213.6 1.04 235.15 1.4783 +530 124,63 | 11.16
95 238.3 249.82 1.5234 . 4,80 119.91 | 10.95
100 264.0 264,.06 1.5695 437 115.39 | 10.74
105 285,6 272.88 1.,6166 « 4,00 109.15 | 10.45
110 316,0 289,21 1.6646 « 367 106.14 | 10.30
115 338.6 299.93 1.7133 «338 101.38 | 10.07
120 368.9 313.95 1.7628 «313 98.27 9.913
130 | 41645 328.25 1.8637 . 269 88,30 | 9.397}
135 Lu6.1 339.11 1.9149 «252 85,46 9, 2l 4
145 1,86 4 344490 2.0192 . 218 75,19 8,671
150 5179 355,46 2.0719 « 206 73.22 8.557
155 542.6 360, 73 2.1252 .193 69.62 8a34h
160 558.5 359.89 2.,1787 .182 65,50 8.093
170 593,7 360.45 2. 2868 .162 58439 7,641
180 634, 1 364.00 2. 3962 «145 52,78 7+ 265
190 656.5 357.22 2. 5066 .131 46,80 | 6,841
200 681.8 356,00 2.6180 .118 42,01 482
210 674L.9 335,56 2+7303 .108 36,24 6,020
this table is continued
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220 667.5
230 630, 3
240 599.7
250 559.0
260 509.1
270 LLTe5
280 385,6
290 310.9
300 238.3
310 169.

320 104,

330 53.8
340 23,0

continued

1.06

1.07

298,82
269,65
245,67
232.73
203, L4
171.72
142.16
109.94
81.38
54
31.66
14.17
Le055

Le2331

.098
. 090
.083
077
071
+ 066
0.61
0457
054
+050
<047
«OL5
042

31.04
25.72
21.61
17.92
1hebl
11.33
.8.67
6427
2..75
1.29
0.638
0.170

5,571
5,071
b 649
L4233

3,800 -

30366
ReOLL
24504
2,098
1,658
1,221
0. 7987
Os4123




Table II (b)
FERMI ANALYSIS OF 2nd AND 3rd PARTIALS IN P32 - p33

|

e . o 3 —
- = ! N ™ =N..N ’
Ce & 1 Nq1/T N/F 1 N
T AR T |7
1.2722 3.0400 11, 527 132.87 203,04 70417 8.377
1.3104 3.0018 11.382 129455 180.58 51.03 7o 1l
1.3503 2:9619 11.231 126,14 160,27 34413 5.842
1.3915 2.9207 11.075 122.66 145414 22.43 be741
L4344 2,8778 10.912 119.07 130.79 | 11.72 3423
1.4783 2:8399 10. 769 115.97 124.63 8,66 2943
1.5234 2..7888 10.575 111.83 119.91 8.08 2.843
1.5695 267427 10,400 108.16 115.39 7023 2.689
1.6166 2.6956 10,121 104, 47 109.15 468 2.163
1.6646 2.6476 10,039 100.78 106,14 5. 36 2.315
1..7133 245939 9.855 97.12 101.38 Le26 2,064
1..7628 24 5494 9.667 93445 98,27 4e82 2.195
1.8129 2.4993 9477 89.81 92.59 2.78 1.667
lo 8637 2- l-{»l{-85 9028&« 86.19 88. 30 2. ll chlasB
1.9149 2. 3973 9.090 82,63 85446 2.83 | 1.294
1.9668 24 3454 8.893 79.09 - 82: 76 3.67 1.916
1.1386 3.1736 12,034 144,82 203,76 58.94 7.677




Table II (¢)

FERMI ANALYSIS OF 3rd PARTIAL IN P32 - p33

N
< m(€,-¢)= ' . j% = —
€,7€ R Na N3 Naa.Np 1)) 53

N7 7 ¥ P O{yV P

1.2722 '1,0005 3, 7257 13.88 70,17 56,29 | 7.503

1. 3104 0.9623 3. 5835 12. 84 51,03 38,19 | 6.180

1.3503 0.9221, 304349 11.80 34,13 22033 | 4725

1.3915 0.8812 | 3.2815 10. 77 22: 1,8 11471 | 34422

Log3hh 0.8383 3.1217 1.97 | 1.404

11.72

975
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The 1692 and 250 kev end-points are both in excellent
agreement with the 1707 and 246 published(az) average end-

points for P32 and P33 respectively, whereas the 650 kev end-
point of the second partial spectrum does not correspond to

that of any trace activity which might be present.

The possibility that the second partial might be the
result of an electron excess in the low energy region duc to
scattered B-particles of higher energy was checked by a third
run 24 days later using the same source in order to determine

its half-life,

In order to determine the half-life, it is necessary
to know the counting rates (N23)l and (NéB)é corresponding to
a certain &€ -value at two times, t, and té respectively., Now

the law of radiocactive decay states that

-a\tl
N /\ ]

N Q'Até

and (Nyg)y =
where N, is the counting rate at some initial time and where A\

is the decay constant of the activity in question.

. N2 J1 Nt2-t1) _ grat
o o (N23) /V "M
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and so A = eL In iﬁgili
AT (N23)2

The half-life Tl/é is then related simply to A by the formula

= 1n2 _ 0.693 . 0.693AT

T
HECTS A (Na3)3
11—
(N23)2

Furthermore, since (A -—2)' is known' from table II(b) and
F

e

since (ﬁ'j%")é

the third run,

is known from a similar table {(not shown) for

Waah | ol 22y
(Na3)s T
N2,

The calculation of Ty . is shown in table III

/2

+ Nb
Note: for the present purposes, the values of ( —52)1
listed in table II(b) are not satisfactory since they are

corrected for the decay of the P32 source during the run.

Hence the values shown in table III are uncorrected.



Table IIT

A‘!_N_z_z) sz (N23)1
1.5695 2,689 1.561 1.723
1.6166 2.163 1.659 1.304
1.6646 2. 315 1.745 1.327
1,7133 2,061, 1,251 1.650
1.8129 1.667 1,342 1.242
1.9149 1.294 0,771 1.678
1.9668 1.916 1.198 1.600

1.546 av

L )

Hence iﬁgﬁl& = 2.40,
(N23)-

1 - 0.27s,
(st)zﬂ

Lt = 24 days

~ 0.693 x 24
and Tl/2 876 19 days

60,
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This value is fairly close to the li-day P32 half-
life and it is thereforc probable that the second partial is
in fact due to slectron scattering in the spectrometer. Its
relatively low intensity is fgrther support for this view.
Assuming that deviations from linearity in the Fermi plot of
the partial scattering spectrum are small, the spectrum of
the second run was used to obtain a window absorption

correction.

Sec. VI:3 The Window Correction

The equation of a Fermi plot of a single allowed

oyt

¢ -~ - s o ] 3
spectrum is ’\‘% = m{& O-é ). Hence, knowing m and &, it is

possible to calculate @%?and hence N/F, By adding the values
of N/F found for the three spectra and multiplying by F at
each point, the theoretical spectrum is obtained. By dividing
the theoretical value of N by the observed value for each
point, a correction factor is obtained. This 1is done in

table IV the results of which are plotted in fig. VI-2.

Thus to correct for window absorption the observed counting

rates in the low energy regions are mutliplied by this factor.
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Chapter VII . 62.
PREVIOUS INVESTIGATIONS OF IRIDIUM-192

‘Sec. VII:1 The B-Continua

Ir192 is produced by neutron capture in natural Irlgl.

The principal mode of decay is by B-emission with a 74.5 day

half-life to Pt17%

05192.

, but there is a 4% decay by K=-capturc to

The first investigation of the Ir192

B-spectrum with
a magnetic spectrometer by Levy(43) gave the high-energy end-
point as 670 kev. This was supported by Shpinel and
Forafontov(hh), who obtained a value of 660 kev, and b& Johns
and Nablo(45) who obtained a value of 672 kev. Using the

Levy end-point and detailed y-ray information from conversion
line studies, Cork(46) proposed a disintegration scheme pre-
dicting an additional low-energy B-feed with a 390 kev end-
point. This scheme was for the most part substantiated by the
y=ray work of Baggerly et al.(h7) and Pringle et al.(48)
insofar as the ppl9? energy levels were concerned. Unpublished
data of Kyles and Campbell quoted by Fairweather(BO) indicated
the existence of 5 partial spectra with end-points of 1175,

8,9, 701, 568, and 281 kev, but subsequent work by Bashilov

et al.(49) revealed no trace of the 1175 kev transition
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although four partials with end-points of 840, 670, 540, and 240
kev were found. Boththese sets of results are in fair agree-
ment with the y-ray data upon which Cork's scheme is based, but

there is a 30 to 40 kev discrepancy in the end-points.

More recent (1958) work by Fairweather(Bo) showed
that the two high-energy partial spectra reported by Kyles and
Campbell were spurious and probably due to scattering in their
instrument. In accordance with this finding, an empirical
correction was applied to their data which then yielded neither
an 1175 nor an 849 kev partial but which gave the remaining
three partials end-points of 697, 561, and 281 kev, still in
agreement with Cork's scheme. Fairweather, finding only three
partial spectra with end-points of 690, 551, and 267 kev,
proposed a new level scheme for Pt192 which sought to account
for y-rays with energies of 45, 97, and 105 kev found by Huq(so)
by the introduction of a 1253 kev level and which included the
1156 and 1358 kev levels proposed by Pringle. This scheme is
illustrated in fig. VII-1l. The existence of the 1253 kev level
required the presence in the y-spectrum of two 468 kev y-rays
in cascade, but the work of Kelman et al.(51) at 0.04%
resolution found no evidence of this ray being a doublet.,

This was supported by the y-y-coincidence experiments of

Connor et al.(52); hence the existence of the 1253 kev level
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is doubtful. The 97 and 105 kev y-rays of Huq still remain
unaccounted for as well a 167 kev y-ray also found by Hug
which could not be fitted into Fairweather's scheme. Fair-
weather points out that the percentage intensity contribution
of the 3rd partial (20%) is greater by a factor of approximately
two than can be accounted for by the intensity of 2 transitions e
from the léOl kev level, This remains one of the outstanding
difficulties in making a consistent decay scheme for Iridium-
192.

The B-end points and corresponding percentage
intensity contributions are listed in table V which, for
convenience, also shows the results of the present work dis-

cussed in the next chapters

Table V
B-END POINT ENERGIES AND % INTENSITIES

.Shpinel Johns Bashilov Kyles+ Presengﬁ:pﬁ
Partialjlevy {Forafontov Nablo{ Cork| et al. |Campbell{Fairweather Work
1 670 | 660 672 | 670 |670(L4%)| 697(38%)|690(42.5%) | 688 (45%)

2 - - = 1390 |540(40%)| 561(41%)]551(37.5%) | 564 (40%)
3 - - - | pro- 240(16%)| 281(21%) | 267( 20%) 269(15%)
pose

+ revised values
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Sec.,VII:2 The Conversion Lines

The K/L ratios obtained by Fairweather and the

workers quoted by him togsther with the results of the present
work are listed in table VI. Included are the theoretical

K/L ratios of Rose(53) for E1, ML, and M2 transitions, and

those of Sliv and Band(5h) for E2 transitions. The latter
values have been obtained by the author by logarithmic inter-
polation from the published values and are considered to be more
accurate than those of Rose since finite nuclear size is taken

into account.

Values of ag have been calculated by the author from
the absolute intensities of conversion lines and y-rays tabu-
lated by Fairweather from the results of several workers. These
results and those of the present investigation are shown in
table VII . : The'theoretical coefficients of

Sliv and Bagnd and of Rose for E2 radiation are included also.
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Table VII

K-CONVERSION COEFFICIENTS

Experimental ag

Theoretical oK

energy of | Kyles Bashilov | Baggerly | Fairweather | Present {Sliv
y=ray Campbell} et al. et al. Work |Band Rose
296 .058 <053 .0LY 051 071 1,063 064
308 « 049 « 049 .050 048 .0L8 .058 .058
316 .039 .039 .039 .038 042 1.054 054
L,68 .018 .01l3 015 015 013 (.022 .021




Chapter VIII
THE B-SPECTRUM OF IRIDIUM-192

Sec, VIII:1 Introduction

As mentioned in the last chapter, the high (20%)

intensity of the third partial B-spectrum of Iri92 is one of

the major stumbling-blocks in the way of finding a self-con-
sistent decay scheme. It is thought that the large values
obtained by previous investigators might be due to (a) energy
degradation of electrons by absorption in thick sources, and
(b) an excess of low-energy electrons scattered by the source
backing. In addition, there is disagreement between the
Edinburgh group (Kyles, Campbell, Fairweather) and the others
regarding the end-points of the partial spectra, especially the

fiI‘St.

The main purposes of the present investigation are to
re-determine the percentage intensity of the third partial
spectrum using thin V.Y.N.S3. source backings in order to

eliminate effect (b) above, and to re-determine the end-points..

The previous work has indicated (sce chapter VII)
that experimental K-conversion coefficients are much lower than

theory predicts, at least for E2 (electric quadrupole)
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radiation. Unpublished data(55)of those engaged in conversion-
line studies seem to support this result: A determination of
ag values and K/L ratios for several lines was thus undcrtaken

as part of the present investigation.

Sec., VIII:2 Experimental Procsdure

2 millicuries of Ir192
from Oak Ridge National Laboratory in the form of Na, Ir Clg in
one ml., of 0.1 N HCl. Two sources were then prepared by
successively pipetting drops onto V.Y.N.S. backings. The
smaller {2 mm. diameter) source was used to obtain a spectrum

( shown in fiz. VIII-1l) at 0.9% resolution for purposes of
examining the conversion lings whereas the larger (3 mm. dia-
meter) source was used to obtain a spectrum at 1.8% resolution
with better statistics in order to examine the continuum.

These sources were of necessity very thick in order that a

countable activity be present.

After evaluation of the data from the first two runs
(sec, VIII:3), it was found that results calculated for the

third partial spectpum were of a very questionable nature

processed isotope werc obtained
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probably because of source absorption effects. Hence a fresh

10 millicurie sample of Iri9% from the same supplier was used,
after an interval of two weeks during which the 19 hour Ir194
activity present as an impurity had completely died out, to
maoke a new source of much higher specific activity. The
spectrum obtained in the third run, with the new source, was
used for measurements of the third partial.

Sec. VITI:3 The B-Continuum of Iri??

Fermi plots (fig. VIII—ébf all three runs were
obtained in the same way as the p32.p33 plot of chapter VI.
The end-points so obtained are listed in table VIII with the
percentage intensities of the partial spectra. An attempt to
calculate the end-point of the third partial using points with
PrOnouneed statistical scatter from run 2 yielded a value of
219 kev. The poor agreement of this value with the results of
previous investigations can be attributed to an excess of
electrons with degraded energies due to source absorption
offects., In view of this, it was decided to disregard the
third partial data from this run. The percentage intensities
were however 6btained from the measured relative intensities
of the first and second partials by assuming that the per-

centage intensity of the third partial was the same as that
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obtained in run 3. It should be mentioned that the relative
intensities are calculated by the method of reconstructing
the three separate partial spectra using the values of the
slope and end-points of the Fermi plots and finding the area,
which is proportional to the total counting rate or intensity,

under each by numeridal integration.

Table VIIIL
- END-POINTS AND INTENSITIES

run no. lst partial 2nd partial 3rd partial
1 69414 kev 55743 kev
2 688t1 kev(43.0%) 561t2 kev(4l.6%) 219 kev
3 686%, kev(46.1%) 574t, kev(38.5%) 269113 kev
(15.4%)
?Ziifﬁzd 68811 kev(L45%) 564%2 kev(40%) 269i%f5%?v

Sec., VIITI:L The Conversion Lines

The 296, 308, 316, and 468 kev K and L lines for run
1 were isolated by subtraction of the continuum. Points of
which lying beneath lines were found by the method of recon-
struction from the known Fermi=plot. Since the lines were not
completely resolved, it was necessary to separate them in

order to measure their areas. Since the resolution is
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constant, the full width at a specified fractional height
divided by the abscissa of the peak is a constant for all lines,
Using the full widths of the isolated K468 line at various
fractional heights as a guide, the full widths of the K and L
316 lines at these same fractional heights were found, i.e.,
the shapes of these lines were determined, allowing them to be
subtracted from their respective line groups. This process when
repeated resulted in a complete separation of the two line groups
into three distinct lines each. It is necessary to point out
that the error involved in determining the full widths of the
K468 reference line is cumulative, resulting in a much larger
error in the K and L 296 lines. The areas of the lines were
measured by counting squares of the graph paper on which they

were plotted.

Since the third partial spectrum was not obtained for
run 1, it was impossible to extrapolate the continuum back to
rest energy (£=1), but the continuum was however approximated
in the low energy region by applying the window absorption
connection to a few points therein. The area of the continuum

was then found by the method of counting squares.

The absolute intensities of the K conversion lines,

is¢ey the ratios of their area to that of the continuum, were
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calculated and are shown in table VIII together with the mean

absolute intensities of the corresponding y-rays computed

from the values obtained by Johns and Nablo(45> and by
Baggerly et al.(47)
Table IX
K-CONVERSION COEFFICIENTS
y=ray absolute absolute Noyx
energy K-electron y-ray ag = T
kev intensity, intensity, Nq
Nek Ng
296 .021 +303 071
308 L.015 . 307 048
316 . 036 . 866 042
L68 . 008 . 598 013

The value of ay obtained for the 296 kev transition
is much higher than those of the previous investigations listcd
in table VII; this is probably not significant but due to the
cumulative error mentioned before. The values of Qe obtained
for the 308, 316, and 468 lines are, however, in excellent
agreement with previous results and tend to indicate that the

theoretical coefficients of Sliv and Band, as well as those of

Rose, are approximately 40% too high.
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The K/L ratios for the 296, 308, 316, and 468 kev
transitions, calculated dircctly from the measured area of the
lines,; are listed in table VI. In the case of the 296 kev
transition most work seems to indicate the presence of some ML
admixture whereas the present result would point to a pure &2
assignment. It is scen again from the present results that the
468 kew transition would appear to be E2 rather than E2 with
strong ML admixture. It is tempting to conclude that the
present K/L ratios are consistently and significantly lower
than the theorcstical values. Such a conclusion, based on the
results of a single run, is unjustified, however, in view of the
absence of any clcear-cut trend to low values,in the investi-

gations of K/L ratios to date as there was in the case of Qe



9)
10)
11)
1é)

13)
14)

15)
16)

C.
0.

B

E.

REFERENCES

v. Baeyer and O. Hahn, Physik Zeits. 11, 488 (1910).
V. Baeyer, O. Hahn, and L. Meitner, Physik Zeits. 12,
273, 378 (1911). |
Ruthsrford and E. N. da C. Andrade, Phil. Mag., 27,

854 (1914);5 28, 263 (1914).

Fermi, Zeits. f. Physik, 88, 161 (1934).

U.S5. Nat. Bureau Standurds, Applied Math. Series: no. 13.

UsS. At. Zn. Commission, Publication No. ORNL-1459,

M.

M.

Jl

E. Rose, Phys. Rev. 76, 678 (1949); Phys. Ref. 78, 18,
(1950).

E. Rose, ''Internal Conversion Coefficienﬁs"; North~-
Holland, Amsterdam 1958.

Danysz, Le Radium 9, 1 (1912).

Rutherfrod and H. Robinson, Phil. Mag. (6) 26, 717 (1913).

Persico and C. Geoffrion, Rev. Sci. Inst. 2;, oL6 (1950).

Svartholm and K. Siegbahn, Ark. Mat. Astre Fyss A33
No. 21 (1946).

Halliday, Introductory Nuclesar Physics; Wiley, p.léh
(1955). N

Kapitga, Proc. Camb. Phil., Soc. 22 pt. 3.

A. R. Tricker, Proc. Camb., Phil. Soc. 22, L5 (1925).

Klemperer, Phil. Mag. 20, 545 (1935).



25)

26)
27)

28)
29)

30)

Ki $iegbahn, Beta and Gamma Ray Spectroscopy, ed. Siegbahn;
K. (North Holland) Chapter 3:

E: Persico, Rev. Sci. Inst. gg, 191 (1949).

G. Schwerz, Zeits. £. Physik, 101, 593 (1936).

K. Siegbahn, Phil. Mag. 37, 162 (1946).

T. Lauritsen and R. F. Christy, Phys. Rev. 73, 536 (1948).

H. M. Agnew and H. L. Anderson, Rev. Sci. Instr. 29, 869
(1949). |

H. O. Richardson, Phil. Mag. 40 233 (1949).

H. Slatis and K. Siegbahn, irk. f£. Fysik 1, Nr. 17,

399 (1949). ‘ o

Beta and Gamma Ray Spectroscopy, ed. Siégbahn, K.
(North-Holland) Appendix VII.

C. S, Wu and L. Feldman, Phys. Rev. 76, 697, 698 (1949).

De W. Engélkemeir, Jo A. Seiler, E. P. Steinberg, L. Winsberg,
and T. B..Novey, paper 5 in Radiochem. S$tudies: The
Fission Products; C. D. Campbell, N. Suggrman,
mditors, NN&iS, Div. IV, Vol. 9, McGraw-Hill Book Co.

o ‘Inc.; 1951, el E

D. G. Douglas, Phys. Rev. 75, 216 (1949).

Beta(and:Gamma Ray Spectroscopy, ed. K. Siegbahn,
(North-Holland) appendix V.II, 920.

I. L. Fairweather, Thesis, University of Edinburgh, 1958«



31)
32)

33)

43)
L)

Ja
Ji

L.

Js
R.

He
R
B.
D,

Ae

B.

Backus, Phys: Rev. 68 ; 59 (1945).

Brown; F¢ Felber; J. Richards; D: Saxon; Rev. Sci: Insts

M,

Se
D
Vi o
V.

T,

19, 818 (1948).
Fry and R¢ T. Overman: U.S. Atomic Ensrgy Commission
Document 1800 (1948).

L. Chen: Rev. Sci. Inst. 2;, 491 (1960).

. Heller, BE. F. Sturcken, A. H. ¥Veber: Rev. Sci. Inst,

21, 898 (1950). .
Meissner and J. Byrnes J. Appl. Phys. gg, 1170 (1952}
M, Revelland 4. W. Agar: J. Apps Phys. 6, 23 (1955),
Pate and L. Yaffe, Can. J. Chem., 33, 15 (1955).
Green, J. Sci., Inst. 38, 333 (1961).

Pohm, R. C. Waddell, and E. N. Jensen, Phys. Rev. 101,

1315 (1956).

Nichols and E. N. Jensen, Phys. Rev. 94, 369 (1954).

., Strominger, J. M, Hollander, and G. T. Seaborg; Table

of Isotopes, United States Atomic Energy Commission

Publication number URCL-1928 (1958),

Lovy, Phys. Rev. 72, 352 (1947),

Se

Shpinel and-N., V, Forafontov, J. Expt'l Theor. Phys.



45)
L6)
47)
48)
49)

50)
51)

52)

53)

54)

M.

Js

L.

R

As

M.
Ve

R,

M,

L.,

W

M.

L.

W

Ao

Johns, and S. V. Nablo, Phys: Rev: 96, 1599.(1954).

Cork, Js M. LeBlanc, A4: Z: Stoddard, W. J. Childs,
C: E: Branyan; and D. %W, Martin, Phys. Rev: 82;

258 (1951).

Baggerly, P. Marmier, F. Boechm, and J« W. M. DuMond,
Phys. Rev. 100, 1364 (1955).

Pringle, W. Turchinetz, and H. W, Taylor, Phys. Revs
95, 115 (1954).

Bashilov, N. M. anton'eva, and B. S. Dzhelepov,
Tzvest. Akad. Nauk. S.8.8.R. Ser Fiz. 16, 264 (1952).

Huq, Nuovo Cim. 5, 1456 (1957).

Kelman, R. Y. :istékhvarishvili , V. 4. Romanov, and
V. V. Tuchkevich, Nuclear Physics 4, 240 (1957).

Connor, I. L. Fairweather, and M. K. Husain, un-
published data, private communication from R. D
Connor, University of Manitoba (1959).

Rose, privately circulated tables of conversion
coefficients (1957).

Sliv, and I. M. Band, Coefficients of internal
conversion of gamma radiation, Part 1: K-shell,
issued as report 57 lcc K1 by University of Illinois;
Coefficients of internal conversion of gamma-radi-
ation, Part 2: L-shell, issued as report 58 lcc Ll

by University of Illinois.



