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DESIGN AND CONSTRUCTION OF A THIN LENS COINCIDENCE SPECTROMETER 
WITH APPLICATIONS TO THE DECAY OF Eu^ AND Eu

By Richard Erick Slattery

A coincidence arrangement between two thin lens beta spectrometers ° 
has been designed and constructed. The spectrometers are mounted at loO 
with respect to each other on a common tube. Tne indivdual nalves oi the 
instrument are of conventional design, utilize ring focusing, and are 
capable of resolutions of about two percent. Coupling between coils when 
both are carrying current is less than one percent, and is easily compen­
sated . The coincidence spectrometer is mounted north-south to reduce , 
effects due to the horizontal component of the earth's field. The vertical 
component is cancelled by means of large Helmholtz type colls. Geiger tube 
detectors were used, and coincidences were measured by means of both Rossi 
and Garw in circuits on different occasions, with resolving times of 0.^8 
and 0.28 microseconds respectively.

A characteristic of this instrument is the narrowing of conversion 
lines ( i .e . , improved resolution) when coincidence spectra are plotted. 
The cause of this narrowing is discussed, with examples drawn from the 
decay of Hf 181 .

Using the component thin lens spectrometers, normal beta spectra and 
conversion coefficients can be measured. By means ol the coincidence 
arrangement, coincidences between conversion lines and between conversion 
lines and beta spectra can also be determined. It is demonstrated how the 
conversion coefficients of obscured peaks can be established. The advan­
tages and disadvantages of the coincidence spectrometer are discussed.

The radioactivity of Eu^' was examined by means of this instrument. 
The beta spectrum was complex, consisting of components with end-points 
at 1 .Lp ± C ,Gp Mev, C -7C ± C .05 Mev, and C . D ± 0.10 Mev . The last men­
tioned end-point is doubtful due to the presence of conversion lines with 
accompanying scattering. Coincidences were noted between the conversion 
lines due to the 122 cr 125 ; unresolved) and 2 LE kev transitions. No 
coincidences were noted between the 122 and 125 kev conversion lines, the 
54k and 24.L kev conversion lines, or between the 122 or 125 and 5^4 kev 
conversion lines. Coincidences were noted between the 544 kev transition 
and the "beta spectrum with U -70 Mev end-point. Tne coincidence beta 
spectrum was plotted . No other coincidences between conversion lines and 
beta spectra were found.

This information, combined with other data from a crystal summing 
spectrometer allowed the decay schemes of Eu^^^ and Eu^ to be established.
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CHAPTER I

INTRODUCTION

The history of beta decay and nuclear isomerism is nearly as old as 

that of nuclear physics itself. The discovery of radioactivity was an­

nounced in 1896 (1), and shortly thereafter, the resolution of the radia­

tion into two components termed alpha and beta was accomplished (2) (5) . 

This separation was done by deflecting the beta type particles in a magnetic 

field. Using stronger fields, Rutherford (4) was able to accomplish the 

final resolution of the radiation from natural sources into its basic 

components, which he designated alpha, beta, and gamma. These names are 

still in use.

The so-called alpha radiation consists of helium nuclei with dis­

crete kinetic energies. Its history and properties form a study unto 

themselves and shall not concern us further; rather let us examine the 

beta and gamma components which are the objects of this research. 

Historical Review

The beta particles were very early identified as electrons by a 

whole series of workers, while the gamma radiations were found to be 

electro-magnetic in character. The beta emission process was not clearly 

understood at first, and as time progressed, considerable difficulty was 

encountered in explaining the continuous energy spectrum which they ex­

hibited. In fact in 1924, Bohr and several others (p) suggested the pos­

sibility of abandoning the conservation of energy for the process of beta 

decay. The classical work of Ellis and Wooster (6) seemed to show that 

if beta decay were considered a two body problem, the measured energy was 

not conserved. Similar anomalies existed for angular momentum and statls- 

1
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tics. A way around this paramount difficulty was suggested by Pauli (7), 

who postulated the existence of an almost massless body called the neu­

trino , which carried away a portion of the energy and angular momentum. 

A particle of this nature would be almost impossible to detect, but a 

whole generation of investigators (8) (9) (10) have accumulated an im­

press Ive body of evidence for its existence ; however, no clear cut proof 

yet exists. In 1934, Fermi (11), assuming the existence of a massless 

neutrino, developed a theory of beta decay, which, in its improved form, 

the accumulation of evidence seems to sustain. At present, this theory 

has reached a degree of perfection sufficient to explain almost all as­

pects of the beta decay.

Complementary to the beta decay is the emission of the positron. 

Positrons are positively charged electrons (12), emitted by nuclei in a 

continuous energy spectrum. They were first discovered in cosmic rays (13), 

though a theory existed, unrecognized, which predicted their existence (14). 

Not long after their discovery, positrons were found to be emitted by 

many of the low A artificial isotopes.
A

The result of positron emission is the change of a nucleus from %N 

to z_^N^ . In 1936, Yukawa and Sakata (13) pointed out that a competing 

process might exist in the nuclear absorption of an orbital electron.

This is called the K-capture, since the probability of occurrence is great­

est for an electron in the K shell. Alvarez (16) discovered this effect 
49 experimentally by detecting the K X-rays from Ti following the K-capture 

49 in Va ?.

So far we have discussed the transmutation of a nucleus by means of 

electron emission or related effects, without regard to the final state 

of the nucleus. It is very common, indeed, for the product nucleus to be 

in an excited state. By this is meant a nucleus possessing an energy 
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above that of its ground state. Such a nucleus is called isomeric and 

will reach its ground state by the emission of a photon (gamma ray), or 

several photons ( cascading through a series of progressively lower excited 

states).

Nuclear isomerism is characterized by the existence of nuclei identi­

cal in mass and charge, but differing from each other in energy and possi­

bly spin and parity. Their existence was predicted by Soddy ( 17) as early 

as 1917 and first found in Pa*^^ by Hahn ( 18) . For many years this stood 

alone as an example of isomerism, but just before World War II, the iso- 
80

merism of Br (preceding, not following a beta decay) was found (19) (20) . 

The post war period in this field has been characterized by the discovery 

and tabulation of hundreds of cases of nuclear isomerism.

The isomeric decay has been characterized by photon emission in the 

preceding paragraph. There is, in some cases, a competing process called 

internal conversion. This is the ejection of an orbital electron of dis­

crete energy equal to the difference of the available gamma energy and the 

orbital binding energy. Such phenomena were predicted by Rutherford at an 

early date (21) and found several years later by Ellis (22) . In the study 

of beta decay, these discrete energy electrons often appear superimposed 

upon the continuous beta spectrum, and, indeed, confused earlier workers 

in this field (25) .

The above historical resume has shown that, to our present knowledge, 

a nucleus of charge Z may transmute to a nucleus of charge Z + 1 by means 

of positron or electron emission or by K-capture. Quite often the product 

nucleus is left in an excited energy state, from which it descends to its 

ground level by photon (gamma ray) emission or by internal conversion.

In the following sections, a few of the details of these processes 

and the methods used to measure them will be discussed.



Beta Decay

The following types of Interaction, 

p -------*-n + e^

n ------p + e ” + / 

p + e”---- * n + ÿ

(n + e+-----•- p + y )

between fermions (particles of spin 1/2) are usually considered together 

in the theory of beta decay and represent successively electron emission, 

positron emission, K-capture ( i .e . orbital electron absorption), and posi­

tron capture. The last interaction is hypothetical, but is included for 

symmetry .

Interactions of this type constitute a rearranging of the nucleus in 

order to reach a state of lower energy. The presence of a neutrino, J/ , 

must be postulated ( 7) in order to conserve energy, angular momentum, and 

statistics for the processes. It might be pointed out here that the com­

petition between positron emission and orbital capture occurs only when 

the transition energy is greater than two electron masses . Below this 

value, positron emission can not occur, and capture is the only possible 

mode of decay available to the proton rich nucleus . 

The beta decay transition may be expressed as

ax , I if, ,1^)

where dX is the number of transitions per second, is the nuclear ma­

trix element, and d^y is the density of final states available to the elec­

tron and neutrino system between the energies W and W + dW . Since the 

probability of transition to a volume of phase space is proportional to the 

volume, one may express
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in units of h s 2 nt, where Pg is the electron momentum corresponding to an 

energy W, and is a neutrino momentum corresponding to an energy

cPp = WQ - W - . If we assume that the neutrino has zero rest mass and

that Wq = W + W y , where Wq is total energy, when we integrate over

_ p* C w- - w)4 dpe
~ A- TT* ti** <^3 ( 1 • 3)

This is sometimes called the "statistical factor". The term ( 1.j) in (1.1)

will dominate the gross shape of the spectrum.

The term in Equation ( 1) is dependent upon the wave functions of

the electron, neutrino, proton, and neutron in a complicated fashion. A 

complete derivation would be out of place here, but, in general, two con­

siderations determine the exact form of . These are the variations of 

the neutrino and electron wave functions across the nucleus and the cor­

rection for relativistic effects.

The former is resolved by expanding the essentially plane wave func­

tions for the electron and the neutrino. This leads to a series of terms 

in the probability of transition differing from each other by %
2

(1/157) > ^here B is of the order of the nuclear radius, and K the wave 

length of the electron or neutrino. The leading term corresponds to the 

probability of an allowed transition, while successi.e terms represent the 

varying degrees of forbiddenness of the emission. Due to the rapid con­

vergence of successive terms in this expansion, forbidden terms come into 

play only when the selection rules for transition from initial to final 

state preclude occurrence of the more allowed ones.

Fermi chose to express the electron and neutrino wave functions as 

a bilinear combination of the four Dirac components. When the condition 

of relativistic Invariance is imposed upon that of bilinear combination, 

certain ambiguities result. Five permissable bilinear combinations are
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possible with no a priori choice between them. These are: 1) the scalar, 

2) polar vector, 3) tensor, 4) axial vector, and 5) pseudoscalar. Accord­

ing to the theory, any one or combination of these interactions may occur; 

the choice of correct terms is to be made experimentally. In certain cases 

of forbidden decay, the shape of the spectrum and information concerning 

selection rules force particular combinations of SVTAP to be dropped. A 

thorough examination of evidence available to this date leads Konopinski 

and his co-workers (24) to the conclusion that an STP combination is the 

correct one . It is perhaps a little too early to say with certainty.

The final form of Equation (1) with j correctly substituted 

according to the Fermi theory covers the cases of electron and positron de­

cay. The qualitative effect of nuclear charge is to repel positrons and 

attract electrons, so that the lower energy end of a positron spectrum is 

shifted to higher energies and vice versa. (In fact, most of the contri­

bution to the positron spectrum near W = 0 is due to barrier penetration.) 

The case of orbital capture is very similar, the major difference being 

in the statistical factor. (The electrons are monoenergetic in this case.) 

Table I shows the selection rules for the various type interactions 

through second forbidden. The forbiddenness is not strictly according to 

powers of r (the plane wave expansion) here since certain of the operators 

resulting from the use of relativistic quantum mechanics introduce factors of 

of v/c, where v is the nucleon velocity. In this case, v/c^l/10 and leads 

to the grouping of certain terms as first forbidden, which would be allowed 

if only powers of r were considered.

Kurie Plots of Allowed and Forbidden Shapes

The allowed spectra may be expressed as

= N(p) = C (w* -w/ F(z,w) (Ut)
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TABLE I

SELECTION RULES FOR BETA DECAY

Order Parity 
Change

Occurring for 
Interaction 

Type

Selection Rules on 
Nuclear Spin I

Allowed No s,v 61=0
T,A AI = 0, + 1 (not 0—>0)

P,A AI = 0

Once
Forb idden Yes

S,V
V,T 
T,A

AI = 0 j 1
(not 0—>-0)

T,A 
T,A

41 » 0
AI = 0. ±11, + 2 

(not 0 , 0* * 1)

P,A Al = 0, + 1 
(not 0—^0)

s,v
V,T
T,A

AI « 0, + 1, + 2 

(not 0-*0,^-*-2, 0*-*l)

Twice 
Forbidden No

EH 
EH 

> > AL = 0
Al = 0, _+ 1 ( not 0—0 )

T,A AI = 0, + 1, + 2, + 5

(not 0-*0,^ ^1,1^ 

1-*1, 0^1, 0**2)
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where N(p) is the number of emissions per second into a unit momentum 

range, C is a constant, and F(£,W) is a correction term for the coulombic 

charge of the nucleus. It will be noted that N(p) in Equation (1.4) is 

dominated by the statistical factor. The allowed spectra are the same for 

any choice of interaction and give no information along this line. From 

Equation (1.4), it is apparent that 

(\No~w) Nep)
pi F(Z.W) (1^)

which is a linear relationship. Data plotted according to Equation (I.?) 

is called a Kurie plot (25), and if a straight line results, the data are 

identified as representing an allowed transition (or certain forbidden 

spectra with constant correction term, see below). Forbidden spectra may 

be expressed from the Fermi theory as multiplicative correction terms to 

Equation (1.4) • By utilizing these correction terms, it is possible to 

identify the forbiddenness of an unknown spectrum, which does not give a 

straight Kurie plot. They are simply applied to Equation (1.5) until the 

plot is linearized.

Since the forbiddenness and form of interaction in beta decay are 

determined by the relative spin and parity of the initial and final nuclear 

states, it is sometimes possible to draw conclusions about these quantities 

from the shape of the beta spectrum. Such information is of interest to 

shell theory. Conversely from shell theory, one can sometimes predict the 

degree of forbiddenness to be expected.

Isomerism, Gamma Emission and Internal Conversion.

1 . Isomerism

Nuclear isomerism is a term describing states of a nucleus which are 

energetically above the stable state and which can differ from the stable 

state in spin and parity. Strictly speaking, isomerism refers only to
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those excited states which have a measurable lifetime ; however, this defini­

tion merely states the limit of present technique and is subject to change 

as techniques improve. In this work, all excited nuclear levels shall be 

called isomeric, as is becoming the general practice. We shall only be 

interested in those cases of isomerism which follow a beta type decay (i.e. 

electron emission, positron emission, or K-capture). Shown below is a hypo­

thetical case of isomerism following electron emission.

A
1

%

z+1

FIGURE 1.1

A Hypothetical Level Scheme
A A

The electron emission by nucleus N leaves the nucleus N in the iso- 
£+1

meric level 2 . From level 2, the nucleus could decay to the ground state 

by gamma emission through a number of paths as shown. In doing so, the 

nucleus would emit photons or conversion electrons. Not all of the 

paths shown are equally likely, and selection rules can operate, which 

effectively prohibit all but one alternate. On the other hand, many nuclei 
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exhibit what is known as branching. Using the decay scheme above to illus­

trate this, suppose that y 4 and are prohibited by selection rules so that 

level 2 can only decay to level 5. If the alternate paths J-*> and

are not prohibited, the relative probability of the two modes is 

referred to as the branching ratio.

At the present time, the assignment of levels according to energy spin 

and parity is of crucial interest, and considerable effort is being expended 

in their study (26) (27). The sorting out of level schemes will form the 

main topic of this research.

2 • Gamma Emission and Transition Probability

The lifetime of an excited level _______ 1_______________ \ ...
transition probability ' 

respect to gamma emission will depend on the selection rules governing the 

emission of a photon and can vary from IO*12 seconds to several years.

TABLE II

SELECTION RULES FOR RADIATIVE TRANSITION

Power of x/k in 
intensity 2 4 6 8 10

Electric Radiation dipole quadr. oct. 16-pole 52-pole

|l + I'l > 
Ji - i'l 4 1 2 4 5

Change in Parity yes no yes no yes

Magnetic Radiation dipole quadr. oct. 16-pole

A 4 
H
 H 
f 

I 
nu — — 1 2 3 4

Change in Parity — — no yes no yes
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Radiation from a nucleus may be expressed as a series of terms corres­

ponding to dipole, quadrupole, etc., where the intensity of succeeding terms

in the multipole expansion differ from each other by (x/k)2. Here x is the 

order of nuclear dimensions, and X = wave length of the radiation At

100 kev, x/X is 1/300; hence, the intensity of quadrapole is K) times 

smaller than dipole radiation and correspondingly for succeeding terms. The 

transition probability will vary with the multipolarity, and each term of 

the multipole expansion has different selection rules. The selection rules 

for multipole radiation are given in Table II, where I and I' are the angu­

lar momentum vectors for the levels between which the radiative transition 

takes place. Note that electric 2^ pole radlution is grouped with magnetic 
z -1 . .

2 radiation, due to their similar intensities.

From these selection rules, one would be able to set limits to the 

spin and parity changes merely from a knowledge of isomeric lifetimes, pro­

vided the exact relation between multipolarity and lifetime were known. Un­

fortunately, none of the theories of radiative transition agree too well 

with experiment, and more work will have to be done in this field (28) . The 

main difficulty is the evaluation of nuclear matrix elements. Fortunately 

there are sometimes alternate means of determining the multipolarity of radi­

ation between nuclear levels, such as internal conversion and angular cor­

relation.

3• Internal Conversion

One can most conveniently express the degree of internal conversion in 

terms of a coefficient. The partial internal conversion coefficient for 

electrons from the K orbit is expressed as

« K . "% (1^6)
Ny 

where Ng is the number of K orbit conversion electrons emitted, and N y is 

the number of photons . Similar expressions hold for o< etc .
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The total conversion coefficient is

<X Ne
Nr

(ÀJ)= +*L +

An older definition, still used occasionally, defines X as the

number oi electrons ejected per nuclear transition.

internal conversion can be thought of, and calculated, as a form of 

photoelectric effect taking place within the atom, the nucleus emitting a 

photon, which in turn ejects an orbital electron. Actually no photon emis­

sion takes place ; the interaction occurs purely between the nucleus and the K 

electron. The problem in these calculations is to determine the probability 

of transition of orbital electrons to states of the continuum under the in­

fluence of perturbing electromagnetic fields of a multipole located at the 

origin. These calculations are quite complicated and tedious, but depend 

only on a knowledge of atomic structure and electrodynamics. They have 

been carried out and tabulated recently by Rose et al (29).

The expressions which one obtains for the internal conversion coeffi­

cients are too complicated to be listed here, but an example of the type 

of result obtained is the expression below, for a non-relativistic treat-

ment, in the case where the orbital binding « energy of the conversion

electron. This is the K conversion for a multipole of order & (30).

(1^8)

where Z is the nuclear charge, oL the fine structure constant, and )) the 
p

gamma ray energy in me units. The general features of this expression re­

main unchanged for more exact computations. That is to say, conversion in­

creuses rapidly with atomic number and multipolarity and decreases with 

gamma ray energy. Another useful quantity, more easily measured experi­

mentally and which can also be calculated, is the ratio of conversion 
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coefficients from the various orbits. Thus, from experimental measurements 

of Ct or K/a^, one can, in principle, determine the multipolarity of the 

radiation; from this, one knows the limits of spin change between the levels 

involved in the transition, and also if parity change occurs.

When internal conversion takes place, the lifetime of the level from 

which the transition occurs is decreased. The half-life of the excited 

state becomes

~C = ,9 ______ = o .69 (1.9)
Xe + f Xy (1 + Q, )

where X y is the decay constant for gamma emission of a nucleus stripped of 

its electron, Xe is the decay constant for the transition induced by the 

orbital electrons, and ex is the total internal conversion coefficient as de­

fined in Equation (1.7) • An Interesting case is when both levels between 

which transition takes place have 1=0 and the same parity. All radiative 

transitions are strictly forbidden, and transition can only go by internal 

conversion. The 1.426 Mev gamma ray in RaC is thought to belong in this 

category.

Experimental Methods Now in Use

In order to draw a complete level scheme for a decay of the type

*■ £ * ^N^, it is necessary to measure experimentally the following 

quantities: end point and shape of any continuous electron or positron spec­

tra, energy involved in all transitions between excitea levels, the spin of 

all levels, and the parity of all levels involved.

1. Measurements of Beta Spectra and Wo

The most satisfactory method of examining continuous beta spectra is 

by means of the deflection of the electrons in a magnetic field. For this 

purpose, an instrument is needed, capable of focusing electrons onto a de­

tector in such a fashion that the relationship between counting at various 
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energies and instrument settings is known and is simple. Lens spectro­

meters fulfill this purpose quite well, as do double focusing spectrometers, 

but simple 180" magnetic spectrometers present difficulties due to the 

variation of detection with resolution and the non-linear relations between 

coil current and the momentum of focused electrons. Once the spectrum is 

known, Wq can be found from the end point of the Kurie plot (Equation (!.>)).

The use of scintillation spectrometers has also been suggested for 

beta rays, but an unexplained counting rate catastrophe occurs at energies 

below 200 kev (31).

End point energies can be determined by the use of absorbers, using 

the method of Feather (32). However, measurements of this type are not as 

precise as those found from the Kurie intercept.

2. Measurements of Gamma Raya

Many methods exist for the measurement of gamma ray energies. Below 

400 kev, modified optical methods utilizing a bent crystal spectrometer (33) 

give extremely accurate results. Unfortunately, the method is inapplicable 

to higher energies. At the high end of the energy scale, it is possible to 

analyze the energy content of electron-positron pairs created by the photon 

and determine the gamma ray energy in this fashion (34) . Many methods of 

various value are used in the middle energy range, and some are described 

below.

Gamma sources with a radiator covering them produce photo-electric 

peaks, which allow analysis by beta spectroscopy, as does the case of in­

ternal conversion. When conversion occurs, the peak energies may be 

measured quite accurately. These peak energies may be added to the known 

binding energies for the various shells, until, by trial and error, the 

actual gamma energy is determined. This depends upon the fact that if the 

binding energies are added, the resulting gamma energy will be equal for
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all orbits .

One of the earliest techniques for gamma measurements is the use of 

absorbers, utilizing the known dependence of absorption coefficient upon 

energy. This method is still used to some extent, but isn't too accurate.

Recently the energy dependence of the response of a scintillating 

crystal and photo tube has allowed entire gamma spectra to be measured by 

pulse height analysis. This method is not too well suited to precise 

measurements, due to the poor resolution (^8^), but is excellent for 

other purposes as shall be shown.

5 • Level Schemes: Energy Matching and Coincidence Techniques

It is sometimes possible to infer the arrangement of nuclear levels 

from a knowledge of the gamma ray energies between them. This is especial­

ly true when branching occurs; in that case, the sum of the energies of the 

cascade transitions must equal that of the cross over transition. (In

as an example, = Eg + E^.) This can be ambiguous, however, 

especially if two or more gamma rays have about the same energy. Nor can 

this system show which transitions lie higher or lower than others. A#ÿ 

scheme proposed, however, must check energywise.

Coincidence techniques are extensively used at present to establish 

the gamma rays taking part in cascades. The simplest and least satisfac­

tory technique is simply to set up two detectors at 180° with respect to 

each other and with the source between them. A certain amount of energy 

selection can be done by placing absorbers in front of one or both detectors, 

but if there are many gamma rays, or if the energies are close to each other, 

the interpretation can be extremely difficult.

The ideal technique is one where the gamma ray entering the detector 

is completely selectable.

At present, four methods are in use which allow coincidence techniques
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to be used with good enough energy resolution at the detectors to allow 

for relatively unambiguous interpretation. The first two methods are 

variations of each other, utilizing the simple 180° magnetic spectrometer 

in a homo gen ious magnetic field. Feather (55) arranged two spectrometers 

about a common source as shown below.

/ \ 

d2 —' — t------- 1---------------f------------------------- 1-------  \ ---* — T)
\ //source

The dotted lines are trajectories for electrons of a given momentum 

locused into the detectors and • Coincidences are measured between 

and D2 . A similar system used by Fowler ( 56) and Shreffler (57), and 

Katz (58) using essentially only one spectrometer is shown below.

source D2

Energy selection can also be done by means of scintillation gamma de­

tectors connected in coincidence. The fourth and last method is the 

crystal summing technique of Wiedenbeck and Lu (59), which will be des­

cribed in more detail in Chapter VI .

4. Spin and Parity Measurements

When internal conversion occurs, a careful measurement of the partial 

conversion coefficients and/or their ratio allows an assignment of multi­

polarity to be made for the radiation involved. Knowing the multipolarity 

of the radiation, one can set limits to the change of parity and angular
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momentum. This does not give a unique assignment to the level, but it is 

sometimes possible to infer the spin and parity of the levels involved. In 

order to do this, one generally needs to know at least one level from other 

means. In the case where the radiation is of mixed origin (electric and 

magnetic), entirely wrong interpretations can be made ; nor does simple shell 

theory help much. "

The exact spin of many ground levels and long-lived isomeric levels 

have been measured by means of the inhomogenious magnetic field method of 

Breit and itabi (40) . This method is not applicable to the short-lived 

states being studied here, but it allows direct measurement of spine.

At the present time, angular correlation (41) (42) between successive 

gamma rays seems to be the most promising method of making spin assignments 

to short-lived levels. One can theoretically predict the variation of 

counting rate between two detectors in coincidence, as the angle between 

detectors is varied. The theoretical correlation curve is a function of 

multipolarity and the spin of the levels . Comparing the experimental and 

theoretical curves allows spin assignments to be made. This type of 

experiment gives no information about the parity of the levels, and to de­

termine this, so-called polarization correlation must be done. The latter 

is extremely difficult. In fact, correlation work in general is difficult, 

due to the necessarily high counting rates and the sensitivity of the shape 

of the curve to the effect of mixtures and chemical effects .

The severest limitation upon correlation work is that it presumes a 

knowledge of the levels (spacing, order, and branching). This information 

is often non-existent or uncertain.

Statement of the Present Research

As outlined in the previous section, one of the main difficulties en­

countered in studies of isomerism and beta decay is the exact assignment of 
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level schemes. In order to approach this problem experimentally, it was 

decided to construct a coincidence arrangement between two thin lens beta 

spectrometers. Using thin lens spectrometers in this way, unambiguous coin­

cidence work could be done between any gamma emissions which were sufficient­

ly converted, and also between conversion electrons and the continuous beta 

spectrum. In addition, the individual spectrometers could be used, if 

needed, to measure the shapes of spectra and conversion coefficients.

In the present research, an instrument of this type was designed and 

constructed, and its properties studied. The instrument was then used to 
1^2, 154 182 154study the gamma-gamma and beta-gamma coincidences from Eu . Eu

is a mixture of two artificial radioactive isotopes, which was known to emit 

many gamma rays, several beta spectra, and to internally convert. With the 

aid of the coincidence spectrometer, the ordering of the Eu^^ and Eu1^ 

decay schemes was possible.



CHAPTER II

CONSTRUCTION OF THE SPECTROMETER

The instrument used in this work consists essentially of two thin 

lens beta spectrometers, horizontally mounted at an angle of 180° to each 

other on a common spectrometer tube and with a mutual source. A schematic 

representation of the entire instrument is shown in Figure 1.1.

In designing this instrument, it was desired to have available as high 

a resolution thin lens spectrometer as possible, in addition to having an 

instrument adapted to coincidence work. With this in mind, the individual 

halves of the instrument were built to resemble the design of the highly 

successful thin lens spectrometer already existing in this laboratory (4^) (44) 

Thus, each half of this instrument is a spectrometer with variable resolu­

tion and with as fine an ultimate resolution as could be conveniently con­

structed . In practice, the north instrument has a beet resolution of the 

order of 2.5^, while the south one has a best resolution of ~ 2.0% (where 

resolution is henceforth defined as Ap/p for a single conversion line ; 

where p is momentum and Ap is width at half maximum). Since 2# is general­

ly accepted as a rough lower limit for instruments of this type, further 

refinement seemed unwarranted, especially since it would only result in 

greatly decreased luminosity. Resolutions of this order give good re­

presentations of continuous beta-spectra and resolve conversion lines well 

enough for most purposes. 

The Spectrometer Tube

The main body of the spectrometers is fabricated from seven inch 

i.d., one-sixteenth inch thick brass tubing, eight feet long and flanged 

at both ends to permit the removal of the entire baffle rod and detector 

systems. An additional flanged joint was constructed at about three feet

19
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Movable baffle rods

1i Source holder

Geiger tube

To vacuum pump

Center flange

SOUTH INSTRUMENT
NORTH INSTRUMENT

FIGURE^,! SKETCH OF THIN LENS COINCIDENCE SPECTROMETER
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from one end in order to give access to the source holding system and per­

mit placing of certain of the baffles (see below). This arrangement also 

permitted much easier assembly of the coils . In all cases, these flanges 

were vacuum sealed by means of three-eighths-inch square cross section rub * 

ber gaskets placed in rectangular gasket grooves, and were held in place 

by twelve 1/4-20 bolts .

Non-ferrous construction was used throughout, and the only ferrous 

metal near the system was the diffusion pump, which was placed three 

feet from the spectrometer. 

Source and Source Holder

A grooved track is located in the center of the tube permitting a 

source to be slid in and out of the spectrometers through an access port. 

Details of the source holder, source slide, track, etc., are shown in 

Figure 2.2. The entire system is self-centering, and if the source is pre­

pared so as to rest in the center of the circular hole in the source hold­

er, the holder and slide may be centered merely by pushing the slide down 

the track. The access port is covered by a half-inch thick circular lu­

cite plate. Thus, at all times, the source is open to visual inspection 

without disturbing the vacuum.

Baffles

Identical baffle arrangements were used in each spectrometer, and a 

single baffle system is shown in Figure 2.5. Baffle no.1 is fixed in 

position and defines the physical solid angle of the source. Baffles no.5 

and no.4 are used to define ring focusing, and the setting of these baffles 

determines the resolution of the instrument. They may be moved along the 

axis as a unit, or with respect to each other, by means of quarter-inch 

diameter brass rods, which emerge from the end plates through Wilson seals. 

This enables them to be adjusted externally without disturbing the vacuum.
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Baffle no .5 # a lead plug three inches long and one and three - fourths Inches 

in diameter, shields the detector from direct gamma rays from the source 

and is held in position by three one-quarter inch diameter brass rods ar­

ranged symmetrically. Baffle no.2 is also fixed and serves to reduce small 

angle scattering into the detector. (Some later work of Butchinson (44), 

using the Michigan thin lens spectrometer mentioned previously, showed that 

about ninety percent of the focused electrons pass through an area much 

smaller than that defined by baffles no. 2 and no.>, so that baffle no.2 

could actually have been larger than it is.) 

Focusing Coils

The focusing coils in these instruments consist of seven hundred and 

fifty turns of one-half inch by one-thirty-second inch copper strip, 

arranged in five "pies" of one hundred and fifty turns each and connected 

in series . External connections were made at equal angles around the axis 

of the coil in order to give the greatest electrical symmetry. P-per in­

sulation was used between strips, and the individual "pies" were painted 

with insulating enamel and baked. Before baking, each coil was tested for 

shorts by placing it across a 110 V line. The coil itself would heat up 

slowly, but any shorted sections would heat up rapidly. Thus, one had only 

to run his fingers along the coil to detect "hot spots", and any shorts 

would be located. Since there were one hundred and fifty turns, no danger 

existed from the potential between individual turns of the copper. Baking 

was accomplished in a similar fashion. Three "pies" were connected in 

series across a 220 V AC line, and the heat was sufficient to bake the 

enamel. The "pies" are separated by means of three-sixteenths-inch aluminum 

plates, to which copper tubing for water cooling has been soldered along 

the periphery. The "pies" are insulated from these cooling plates by Fish 

Paper and Empire Cloth. No water cooling is provided on the outer surfaces
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of the assembled coil; one-quarter inch aluminum plates serve both to hold 

the coil together and conduct the heat away. The coils were assembled up­

on the two sections of the spectrometer tube held vertically, and then the 

entire structure was put in place. A photograph of one of the coils, taken 

during its assembly, is shown below.

FIGURE 2.5

ASSEMBLY DETAIL OF FOCUSING COIL

A one hundred and fifty turn, enameled "pie" is in position on top 

of the fish paper separating it from the cooling plate on which it rests. 

The cooling plates with their water coils are also visible. Four turn­

buckles hold the coils, cooling plate, and end plates together. Details of 

the coil spool and the means of adjusting its position relative to the 

spectrometer axis are shown in Figure 2.4. The coils are geometrically 

centered along the axis of the spectrometer tube at one end by means of 

brass pivots. The other end of the coil spool contacts the spectrometer 

tube by means of four 1/4-20 brass aligning screws. By manipulating these 

screws, it is possible to tilt the entire coil assembly with respect to the 

spectrometer axis, and having done so, to fix the assembly rigidly in place. 

Small adjustments of these screws have a marked effect upon the counting 

rate of the detector and serve as a sensitive means of aligning the 
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spectrometers .

Coil Power Supply

The power supply system for the focusing coils is shown schematically 

in Figure 2.5. Current is supplied by means of two L-2 aircraft type 

Leece-Neville 2ÔV generators, each driven by 2 H.P. three phase Master 

Motors, Inc. electric motors. For the purpose of noise and vibration sup­

pression, the motor generator sets are mounted on rubberized glass wool in 

a concrete block housing. In parallel with each generator are a 4000 micro­

farad condenser bank and an adjustable voltage battery bank which serve as 

regulators. The generator output voltage can be varied by the slide wire 

potentiometer in the field coil until the batteries draw "zero" current. 

In theory, these batteries should draw or generate no average current, 

but, in practice, up to three amperes will have no effect on their regulating 

properties. In order to draw a particular current, the batteries are con­

nected to give the nearest voltage to that required, and then the field of 

the generator is varied to adjust its output voltage to the battery. The 

resultant regulated power (available at two volt intervals) is then adjust­

ed to the exact value desired by means of the variable voltage-dropping re­

sistors. In series with each of the spectrometer coils are individual 

shunts, in parallel with which is a type K potentiometer. The potentiometer 

serves both to measure the current and to monitor any slow drifts.

A common battery bank is used to supply both generators. In practice, 

this method of battery regulation allows a short term variation of 0.25% 

as measured by an oscilloscope. Slow drift of the system requires that con­

stant manual corrections be made during operation. Since the measured beet 

resolution is lees than 2%, and in coincidence work is generally about 10%, 

it is apparent that these variations in the supply system are negligible. 

The various rheostats, potent iometers, galvanometers, and other controlling
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devices are located at a control panel, as shown in the photograph on the 

frontispiece.

With seven storage batteries (one hundred and twenty ampere-hour, 

six volt) in the battery bank, it is possible to focus electrons of about 

2.0 Mev. However, at these hi^h currents, the coils heat up rapidly, des­

pite the water cooling, and can not be operated for any length of time 

(i.e. over twenty minutes). For lengthy operation, a practical upper limit 

of about 1.75 Mev exists.

Corrections for Earth's Magnetic Field

The spectrometers are horizontally mounted in a north-south direction 

to minimize effects due to the horizontal component of the earth's field. 

The vertical component is cancelled by large rectangular Helmholtz type com­

pensating coils which can be seen in the photograph on the frontispiece. 

These coils are five feet by sixteen feet and consist of twenty-seven turns 

of no .16 wire. Powered by a Varlac across the 110 V line, the resulting cur­

rent is rectified by a selenium full wave rectifier in parallel with a 5000 

micro-farad condenser bank. The current through the compensating coils is 

adjusted until a dip needle placed near the center of the instrument is hori­

zontal . The vertical component of the earth's field varies slightly along 

the instrument, probably due to the presence of steel beams in the ceiling 

and/or the floor. These slight variations can be shown to be of second 

order, and no attempt was made to compensate for them.

Vacuum Equipment

The entire spectrometer tube was evacuated by meana of a VMF-100 

^•^•f fusion pump and a Cenco Mega vac mechanical pump. The vacuum was 

measured by means of a McLeod gauge, and a vacuum of 10“^ mm Hg was obtained. 

At first, Octoil S pump fluid was used, but later a change was made to 

Dow 702 fluid. The latter proved to be much more stable and equally good.



Detectors

Geiger counters were the particle detectors used throughout this work. 

Figure 2.6 shows one of the tubes in detail. The large flange shown con­

tains an "0" ring groove and is the means by which the tube is connected to 

the spectrometer proper. In order to utilize thinner windows, provision 

was made to refill the tubes without removing them from the spectrometer. 

Except for some of the earliest work, 0 .25 mil mylar window material was 

used throughout and proved to be too fragile to withstand pressure dif­

ferences of one atmosphere without serious distortion. Therefore the 

geiger tube filling system and the instrument are simultaneously evacuated. 

After evacuation, the geiger tube is filled from a large reservoir by means 

of a series of glass stopcocks. In this way the pressure difference across 

the window never exceeds that of the counting gas. This arrangement also 

permitted the refilling of individual geiger tubes without letting down 

the entire system. The counting gas used consisted of 90Argon and 10% 

Ethyl alcohol at 10 cm Hg pressure. Plateaus of the order of 80-100 V were 

obtained after filling. In practice, these tubes had to be refilled after 

about a week, probably due to selective diffusion through the window. Con­

stant refilling seemed to decrease the useful life of the counter, as evi­

denced by drifting counter characteristics. This was apparently due to the 

flexing of the mylar window under the 10 cm Hg pressure of counting gas, 

resulting in an increased diffusion rate. Occasional replacement of the 

windows rectified this problem.
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CHAPTER III

THE ELECTRONICS

introduction

in any work attempting to measure coincidences, the events recorded 

ua coincident are a result of contributions from two types of phenomena.

If Nj, is the total number of coincidences detected, then

* ■ "real + N
acc ,

where N , real is the contribution due to truly coincident events (in our

case nuclear in origin or due to cosmic rays), and N represents ac- 
acc .

cidental coincidence counts caused by the detection of particles in the

singles counters within a period of time,T,short enough to be measured

as coincidental by the circuitry.

lf, in a two channel system, N^ is the counting rate per unit time

in channel no.1, and N^ is the counting rate per unit time in channel

no.2, the chance that a pulse from channel no.l is accompanied by one

from channel no.2 within + T is

2 NgT

and the rate per unit time of accidental coincidences is

2 N2N1r (^2)

Equation (5-2) serves to define T, which is generally referred to as the

resolving time of the coincidence circuit, since it is the smallest time

for which the circuit can resolve individual channel counts. The value

of T is determined by the individual "singles" pulse widths and by the

point at which the output coincidence pulses are discriminated. So long

is stable, it can be computed from Equation (^2)(if and Ng are

Nacc .

from

pute

completely independent sources), and once known, can be used to com- 

. Consequently knowing T, we can distinguish between real and 
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iccxdental coincidences by means of Equation (j. 1). We shall now discuss 

’er’^,ü,in of the restrictions on , and hence upon the circuitry which de­

termine it.

Let us examine a little more fully the case of the detection of elec­

trons of selected energy in each cliannel of a coincidence system. In this

case
N1

K2
(2^)

where N is the source strength,w is the solid angle subtended by the

counter expressed as a fraction, e is the efficiency of detection (~100£

for electrons and geiger tubes), and f is a factor lumping together source

thickness, window thickness, possible conversion coefficients, etc. Hence

2
&cc. ■ (5.4)

'xhe number of real coincidences N, will be 
i,

“1,2 - "4%^%

It is noted that Nacc , varies as N , whereas o is linear with N. There- 

iCTs, there is, in any experiment, an upper limit to the source strength N 

beyond which it is impossible to measure N, , due to the fact that N 
acc.

becomes ^1,2,> statistical uncertainty in washes out any certain­

ty in the value of N . Similarly this source strength can not be too 
if 2

weak,or the time required to obtain N with any good statistics becomes 
if

prohibitively long.

If one assigns the operating condition that

N 1,2~ N acc .

then
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from which

2TN ^>1

Thus the smaller the value oft, the larger N can be.

In using geiger tubes, a lower limit exists for T. This lower limit 

is set by the nature of the geiger type of discharge. If an ionizing 

particle enters a geiger tube, a time lag exists between the entrance of the 

particle and the build-up of the Townsend discharge. This time lag is not 

fixed, but can be up to 0.1 microseconds, and limits t to a lower value of 

about 0.25 microseconds. Thus, 0.25 microseconds represents an optimum re­

solving time for the detection of coincidences with geiger tubes.

During the course of this work, two separate systems of electronics 
181 

were utilized. Throughout the lining up and the work on Hf , a very 

simple system was used. This proved inconveniently unstable over the long 

periods of time needed to collect data, and it was finally discarded in 

favor of a more sophisticated instrumentation. The two schemes are des­

cribed below.

First Electronics System

The first electronic scheme used in this work is block diagrammed in 

Figure 5.1. Cathode followers are located at the geiger tube and drive 

the ten feet or so of coaxial cable connecting them to the scaling circuit.

The scalers used are IDL, Model 161, scale of 256, with a slightly 

modified pulse forming stage. Ordinarily this model scaler has an input 

consisting of an BC differentiating network feeding into a "single shot" 

multivibrator, which puts out a negative pulse of about three microseconds 

duration and thirty volts amplitude for each input pulse. It is this pulse 

which fires the first scaling stage. Built into the scaler is a provision 

for simultaneously removing the pulse at this point. In the scalers used
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in this work, the grid-plate coupling condenser between the two tubes of 

the multivibrator has been reduced in value. Since this condenser in con­

junction with certain resistors effectively determines the pulse width 

put out, the effect of reducing its value is to shorten this width. This 

shortened pulse is still sufficient to trigger the scaling stages, and it 

is also used as the input pulse to the coincidence circuit.

The coincidence circuit is a standard pentode Rossi type consisting 

of four 6AC7*s. Each side of the Rossi circuit consists of two 6AC7*8 in 

parallel, so as to provide greater stability. Power is supplied from the 

auxiliary power outlet of an Al type amplifier, with an electronically 

regulated 285 V supply. Using this arrangement, the negative pulses from 

the scalers are highly differentiated and used as the Rossi input. A 

discrimination ratio of about lp:l was attained, as measured on a 

Tektronix 311A oscilloscope. A drawing of the Rossi circuit is shown in 

figure 3«2.

The output of the Rossi is fed into an Atomic Instrument Type 103 

decade scaler. This scaler has a positive pulse discriminator in its in­

put circuit and is very well regulated.

Using this arrangement, a resolving time of about 0*38 microseconds 

was set and used throughout all of the preliminary work. Some diiiiculty 

was encountered in maintaining a stable resolving time. The Rossi circuit 

used draws considerable current in the screen grids (the screen grid re­

sistors have a dissipation value of one hundred and fifty watte) and this 

was probably part of the difficulty. Also, the pulse forming stage used 

is not well regulated in the model 161 scaler (gas tube regulation only), 

and thus, the pulse shapes were liable to change.

After the completion of the work done on Hafnium (during which period 

the resolving time was kept absolutely stable at 0 .38 microseconds for a
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period of two months), a drift in resolving time was again noted. Bather 

than repair the old system, it was decided to put in entirely new circuits. 

Second Electronics System

The chief requirements of the new circuits were a different pulse form­

ing stage for the single events (coincidence input) and a different coinci­

dence circuit.

Available in the laboratory were two Atomic Instruments Type Al 

amplifiers with associated discriminators and formed pulse outputs. These 

latter are electronically regulated and put out a well formed positive 

pulse of about 10 V amplitude, 0.1 microseconds rise and 0.5 microseconds width. 

Since our requirements were negative pulses of the same specifications (to 

trigger the Garwin type coincidence circuit decided upon), it was decided 

to use the Al's and modify their output. Actually, a simpler amplifier 

could have been used, since the uniformity of geiger pulses (~ 100%) at 

the counting rates used does not require the linearity of the A1.

As originally constructed, the Al’s have a cathode follower output, 

preceded by a Schmidt type trigger stage to form the pulses. In order to 

change the polarity of the output, the cathode follower was changed to an 

invertor with a variable resistor in the plate circuit, and then a new 

cathode follower was installed. After inversion, the pulses showed posi­

tive overshoot, and so a diode clipper was also installed. The final con­

version is shown in Figure 55-

This type of pulse forming provides certain other advantages. It is 

possible to shape the output pulses to some extent by means of the variable 

resistances and B^. The Resistance being in the plate circuit of the 

invertor, allows some variation of pulse height. By means of R^, it is pos­

sible to change the pulse width, since in addition to determining the amount 

of clipping, Rg combined with C determines the time constant for the falling
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off of the negative output pulse. Thus the pulse height and rise are un­

affected over a large range by changing but the pulse width can be 

varied in the fashion indicated below.

In practice, it proved possible, not only to match the output pulses by 

simple control knob adjustments while viewing them on an oscilloscope, but 

also to set them at any desired width to determine the resolving time. 

Below are shown typical pulses from each channel as plotted from the face 

of the Tektronix Type 511A oscilloscope.

These pulses were fed into a Garwin type coincidence circuit (45) shown 

in Figure 5-4. This is a simple triode Rossi circuit with a diode clamp. 

The diode does not affect the coincidence pulses from this circuit, but 

severely limits the amplitude of the singles output. This circuit was elec­

tronically regulated from the 285 V output of an Al and yielded a discrimina­

tion ratio of about 20:1.

The Garwin output was fed into the type 10? Atomic Instrument decade 

scaler previously mentioned, and its input discriminator was again utilized.

A block diagram of this entire scheme is shown in Figure 5.5.
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Resolving times of the order of 0.25-0.50 microseconds were easily 
. 152,154

obtained, and for the work on Eu , a resolving time of 0.28 micro­

seconds was used. As shown previously, this is about the lower limit 

for geiger inputs . The stability of the electronics was monitored by 

measuring the resolving time every two hours, during coincidence mea­

surements, to a standard error of two percent. The stability proved 

quite satisfactory.



CHAPTER IV

PROPERTIES AND CALIBRATION OF THE THIN LENS SPECTROMETERS

If* the focusing properties of a thin lens spectrometer are examined in 

first order, it is found that the relationship between source and detector 

distance with respect to the center of the coil behaves exactly according 

to a thin lens formula,

1 + _1_ = 1 
p q f

where

f _ (momentum) xConaV
A *

2 H dz ) z dB
and the z direction is along the spectrometer axis: hence the name "thin 

lens" spectrometer . These properties were first examined and confirmed 

by Klemperer (46), who constructed a lens spectrometer of this type and 

first used it to measure electron momenta. More thorough examinations 

of the properties of this type instrument were made by Deutsch, Elliot, 

and Evans (47), and by many others (48) ( 49) ( >0), who assumed the op­

timum condition of focus to be along tne axis.

At a surprisingly later date, the focusing properties of the thin 

lens were reexamined, and the optimum condition of focus was found to be 

a ring in space rather than a point along the axis.

Ring Focus

The equations for the trajectory of an electron in the axial field 

of a thin lens spectrometer can not be solved and must be examined numerical­

ly-

starting with the Lagrangian,in cylindrical coordinates, for an elec­

tron in an axially symmetric field (i.e. vector potential A^ in the Y

44
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direction only)

the equations of motion can be easily shown to be 

m ”^|p(rAo)

£^)= |E -O

where p, the canonical angular momentum, is a constant of the motion. The 

mass, m, though relativistic, is also constant since the particle velocity, 

v, is a constant of the motion. (i.e. A charged body undergoes a change 

of direction but not of energy in a magnetic field.) Substituting p into 

the first two equations (4.1) eliminates *f, and if the independent variable 

is changed from t to z, recalling that

the three equations (4.1) become

where the prime denotes differentiation with respect to z, p has been 

allowed to go to zero, and k is mvc/e.

Equation (4.2) is the trajectory equation for an electron leaving 

a source on the axis in an axially symmetric magnetic field with no ini­

tial angular momentum. This equation has been numerically integrated by 

Keller et al.(51)for the case of the thin lens spectrometer.

Keller and his group have examined this equation for a whole range 

of electron momenta and for the cases of the source on the axis and slight­

ly off the axis. One result of their data is shown in the sketch below.
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z

These curves represent the trajectories of two electrons of identi­

cal momentum, leaving a source on the axis at two angles 6 and 6 . It 

will noted that the trajectory of an electron leaving the source at the 

angle 6>6 crosses the trajectory of the electron leaving at the smaller 

angle, and Intersects the axis closer to the source. This always occursj 

the larger source angle paths always intersect the axis closer to the 

source and cross the trajectory of the smaller angle emission at a point 

in space A. Due to the axial symmetry, the points of intersection A, for 

a family of trajectories, form a surface in space. Any small piece, Az, 

of this surface is a ring representing a small range of source angles. 

The effect of a larger source is to increase the "ring" area in space. 

Keller et al. showed that by means of proper baffles, one should be able 

to choose such a ring in space, and by doing so, to obtain a much more 

favorable transmission than would be possible for axial focusing. This re­

sult was confirmed experimentally by Pratt, Boley, and Nichols (?2), who 

actually detected spatial rings by means of photographic film, and who, by 

proper baffles, improved their transmission by a factor of two over axial 

focusing.

Bing focusing is used in both of the component spectrometers of the 

instrument in this work. The actual size of the rings were determined by 

the previous work on the instrument of Bradley (4j) (44) .
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Alignment and Resolution

While it should be theoretically possible to align a thin lens spec - 

trometer purely from considerations of field shape and trajectory, in 

practice it is much simpler to do so experimentally. This was done here 

by placing a source with a pure conversion line in the spectrometer And 

adjusting the coils and baffles until maximum transmission and resolu­

tion occurred.

Throughout the lining up and calibration, the source used was Cs , 

whose decay scheme is shown below.

665 kev

157
Cs has the following characteristics in its decay, which make it 

an ideal calibration and alignment element:

1) The K-conversion line of the 663 kev transition is known to high 

accuracy(55)•

2) The K and L lines are separated from the 518 kev end-point con­

tinuous spectrum.

3) The 1.18 Mev end-point continuous spectrum contributes almost 

negligibly in the region of the conversion lines.

4) The 518 kev end-point continuous spectrum is well known and is 

forbidden. Hence, it is an excellent testing spectrum.
137

5) Cs can be obtained as a carrier free source.
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6) The half life is thirty-three years, so that it is effectively 

a permanent laboratory source.

To align the coils, the K conversion line is focused onto the detector, 

and the coils are adjusted systematically by means of the adjusting screws 

until maximum transmission occurs . This is first done with the movable 

baffles wide open, so that they have no effect upon the line shape or 

transmise ion.

Then, when maximum transmission occurs for the open baffle setting, 

the movable baffles are brought closer together and begin to define an an­

nular opening. This opening can be spatially adjusted by sliding the 

baffles back and forth together, along the z axis, until the point of 

ring focus is found, and the peak height for the conversion line is maxi­

mized . The coils are again adjusted for maximum transmission, and the whole 

process is repeated.

Since bringing the movable baffles closer together forms a smaller 

and smaller ring in space, the effect of this process is to increase the 

resolution with each cycle. The successive smaller annular openings trans­

mit fewer electrons, but those which do pass the baffles more closely ap­

proximate a mono-energetic group due to the "ring focus" principle. This 

process was continued until the best resolution was obtained, compatible 

with a usable transmission. For purposes of alignment, and as a general 

lower limit, Ap/p^ 2%.
137Figure 4.1 shows a family of curves of the Cs K and L conversion 

lines for various resolutions, adjusted to optimum alignment. The ordi­

nate is counts per unit momentum interval per one hundred seconds, in arbi­

trary unite, and the abscissa is coil current in arbitrary units ( mo­

mentum) .

The measurements labeling these curves designate the distance be-





>3 

tween measuring points outside the spectrometer chamber, and the actual 

baffle separation is about one centimeter less . It will be noticed that 

a great decrease in transmission occurs as the resolution is improved. 

Also, the K and L peaks are not separated until the best resolution is ob­

tained .

There are several other factors limiting the resolution of a lens 

spectrometer which deserve mention at this time. These are, in addition 

to the finite opening of the ring focusing baffles, spherical aberration, 

source thickness, and source size.

The magnetic field due to the lens coils is not uniform throughout 

the radial range from the axis to the inside of the chamber. Therefore, 

electrons leaving the source at different angles will encounter different 

fields as they pass inside the coil and will be focused at different 

points . This corresponds to spherical aberration in geometric optics, 

and the effect is the same; a mono-energetic electron source appears 

spread out when measured. To a degree, this is connected with ring focus­

ing, but it is a constant of the instrument, determined by the size and lo­

cation of the angle defining baffle near the source, the chamber size, and 

the central scattering baffle. As mentioned previously, after the con­

struction of this instrument, Hutchinson (44) was able to increase his 

resolution by increasing the size of the central ring baffle, thus narrow­

ing the portion of the field available to detected electrons.

The ideal source for a thin lens spectrometer would be a point source 

on the axis . For practical purposes , this is not possible, and the effect 

of source size is to worsen resolution. Keller (^1) showed mathematically 

that the effect of source size is to increase the ring focus area and 

cause overlap among momentum lines of different values. The size of 

source used will in general be a compromise between self-absorption, 
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specific activity, and allowably low counting rate. Dr. M. H. McGregor 

of thia laboratory has shown that a source up to eight millimeters in 

diameter shows no appreciable deviation in resolution from a point source 

for an instrument of this type. This matter will be treated further in 

the section on coincidence resolution.

In general, any phenomena which tend to remove a portion of the 

energy from some of a set of mon-energetic electrons tends to cause a 

lose of resolution, due to the lower energy straggling of a measured line. 

Chief among the causes of energy loss is scattering within the source it­

self, or in any material covering the source (often used to prevent con­

tamination of the spectrometer chamber). The thicker the source, the 

greater the low energy straggling, and in fact, at low energies, much 

actual loss of particles may occur due to complete self-absorption. The 

thinner the source and backing, the smaller this effect will be. In 

general, as in source size, a compromise must be made between what is de­

sirable, and what is usable. This problem, too, will be discussed further 

in the section on coincidence measurement.

Calibration of the Beta Spectrometers

The momentum of an electron in nuclear spectrometry is usually ex­

pressed in terms of its magnetic rigidity in gauss-centimeters. This 

comes about since

P = Hep (4.3)

where p is the momentum, p the radius of curvature of an electron in the 

uniform magnetic field H, and e the electron charge in e.m.u. Since e is 

a constant,

P* = %- = Hp (M)

where p' is the magnetic rigidity, and obviously p’ ~ p. For a constant 
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field instrument, an absolute measurement of H combined, with the measured 

radius of curvature serves to indicate the momentum, and has lead to the 

adoption of Hp units of momentum.

In a thin lens spectrometer, H is non-uniform, and an indirect cali­

bration is necessary. For an air core instrument such as this, the rela­

tionship between coil current and the field at any point is linear, so 

that a relation of the type,

P' = Hp = kl (4.3)

(where I is coil current in terms of an arbitrary potentiometer read­

ing) can be used. Thus it is only necessary to determine k, and a cali­

bration of the instrument in terms of coil current will be established.

For both of the lens spectrometers used in this work, the K con- 
157

version line of Cs was used to determine k, and the line peak was 

used as the calibration point. Since the magnetic rigidity of these 

essentially mono-energetic electrons is very well measured to be 3381 

gauss-centimeters (i.e. 623.8 kev = E - Eg ), the calibration values were 

found from Equation (4.3) .

k _ Hp _ 3581 gauss-centimeters
I I current unit

The current unit is the arbitrary reading of the type K potentiometer 

across a shunt in series with the coil.

The values found for k in the two spectrometers used in this work

are listed below, in Table III. In order to check the linearity of the

current vs Hp relationship, the 318 kev end-point beta spectrum of
157

Cs was measured. This is a well known, once forbidden beta spectrum, 
.1/2

of the "unique" type, which necessitates multiplying the Kurie plot by a 

in order to linearize the plot, where

a = (Wq-W)2 + (W2 - 1) (4J>)
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TABLE III 

CALIBRATION CONSTANTS OF THE THIN LENS SPECTROMETERS

Current to focus
137 Ce K-line

K in gauss-cm. per 
current unit

North Instrument 2.580 1510

South Instrument 1.590 2126

Figure 4.2 shows the beta spectrum and the separated K and L con­

version lines. Figure 4.5 shows the Kurie plot. The correct end-point 

plus the linearity of the corrected Kurie plot serve to verify the p'I 

relationship. The deviation from linearity of the corrected Kurie plot 
2 

at 1.4 me is due to absorption by the mica counter window used in 

this work.

The figures illustrating this check process were taken with the south 

instrument, but this entire procedure was followed for both beta spectro­

meters. From time to time, the linearity and calibration were reverified, 

through the use of well known conversion peaks. A few months after final 

assembly, the calibration constant was found to have drifted to a some­

what different value, at which it remained stable. Similar phenomena 

have been noted with other spectrometers of this design at this labora­

tory, and is probably due to mechanical sag of the instrument. This ac­

counts for the difference in peak position between the value recorded a­

bove and Figure 4.5. The former figure is the stable value. 

Correction Factors

1. Finite Resolving Power and Momentum Spectra

In order to obtain a Kurie plot, one must first determine the momen­

tum spectrum of the emitted particles. To obtain the momentum spectrum
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one usually plots N( p) (particles per unit momentum per unit time)vs

p ( momentum) or numbers linearly proportional to these quantities. The

counting rate of the detector, n(p), Is not the same thing as N(p), due

to the finite resolution of the thin lens spectrometer. Thus some rela-

tionship must be drawn between them.

The line shape of a pure conversion peak may be very well approxi­

mated by an isocelee triangle . Call the shape of the triangle K(p,p' )

where p' is the momentum of the conversion line electrons and p is the

momentum corresponding to some current value in the coil. This is

shown below.

K(P,P'

p'(l-w P*
-------*---------
P'(1+w)

where W is the resolution (= Ap/p at half height) and is a constant of

the instrument, as is t, the transmission. Now

Then

K(P,P ) = t(l - A­
w P1

P'

<0

K(p,p')N(p,)dp'

Equation (4.7) can be solved approximately by
2

with the result that, to order W (54)

several methods (44) (5M

N(p) 1 
wt

2
+ _1

P 12

dn + d2. 
dp dp

£ *11 1 W

= 0 1

^•71

P
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Since W 2^, terms higher than W can be ignored, and the well-known result

N(p) =
Wtp

(M)

is obtained. Since W and t are constants and p l, then

N(p) ~

and a momentum spectrum results when n(p)/l is plotted vs I.

In general, the dropping of terms of order > W is valid, and it is 

only in the case of very poor resolution that a correction need be made. 

In the only case in this work where such a correction would be warranted, 

the information desired makes it unnecessary (i .e. the coincidence 
_ 152

spectra of the 0.7 Mev end-point beta spectrum of Eu ).

2 . Radioactive Decay

In the case where the element under study has a half-life of the 

same order as the time required to take the necessary data, a correction 

must be made for the radioactive decay. This is the well-known decay law

-.695t/T 
n = noe (4.10)

where nQ is the original counting rate, n the counting rate after the 

time t, and T is the half-life. This correction has been applied wherever 

necessary.

3• Window Thickness and Efficiency

Throughout the data taking, 0.25 mil milar material was used, which 

has a cut-off at 10 kev and does not begin to cause any real counting 

loss until ~ 110 kev. In general, this will not affect any of the measure­

ments quoted here, and for coincidence work at low energies, ratios will 

be used which eliminate this factor.

The counters used here can be considered one hundred percent effi­

cient for electrons.
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4 • Corrections for Counter Dead. Time

The counters used in this work have a dead time of the order of 

two hundred microseconds, and any particles entering them within this 

period would not be counted. The correction for this type of lose is (55)

R = R'/(1-R't ) 
o

where R' is the observed counting rate, R the true counting rate, and 

tQ is the dead time. Dead time losses were not appreciable in this work.



CHAPTER V

THE THIN LENS COINCIDENCE SPECTROMETER

The use of two thin lens spectrometers in coincidence (henceforth re­

ferred to as the thin lens coincidence spectrometer) presents certain charac­

teristics and imposes certain limitations upon the uses of the instrument, 

not normally encountered in the component spectrometers proper. It is, 

therefore, worthwhile to discuss these characteristics in some detail. 

Coupling

The geometric arrangement of the component spectrometers is such that 

the individual fields from the separate coils couple with each other. That 

is to say, when one of the spectrometers is set so as to focus electrons of 

a certain momentum upon its detector, and the other spectrometer is then 

turned on, the field of the latter may add to or subtract from the field of 

the former, so that electrons of a different momentum will be focused. It 

is this phenomena which we shall refer to as coupling.

The coupling between the component instruments used here was ~ 1%. it 

was compensated experimentally in the following manner. The desired current 

setting was made in the north instrument (for example) with the south instru­

ment off. Then the south instrument was turned on, and the current in the 

north instrument was readjusted until its original counting rate was re­

established . This had to be done for both instruments before taking data 

and was quite simple in practice.

After the construction of this instrument, we learned of the existence 

of similar thin lens coincidence spectrometers in Canada and in the U.S.S.R. 

The former instrument had 6^6 coupling, and the details of the latter are 

unknown to us (56) (57).

Coincidence Resolution

The first coincidence work done on this instrument concerned the spectrum

59
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181 181
of Hf . The decay of Hf was first described in detail by Cork (58), 

and Wiedenbeck and Chu (^9), who assigned a decay scheme of the following

form to it.

45 d

3 = 405 kev

480 kev

132 kev

22/48

349 kev

135 kev

Hf181

612 kev

181 
Ta

The beta spectrum of this element is as shown in Figure 5.1, with the 

conversion peaks labeled. The resolution 2.5^ •

Coincidence data was run with the coincidence spectrometer by focus­

ing one lens spectrometer on the peak and sweeping across the peak

with the other. Then the peak was swept across with the fixed spec­

trometer as before. The results of these runs are shown in Figures 5.2 and

5.3. The solid curves represent the coincidence peaks, while the dotted

curves represent the conversion lines which were swept across. Due to the

twenty-two microseconds excited state, these coincidence peaks are inde­

pendent of the beta spectrum. The coincidence data is normalized to the 

fixed peak (i .e. number of coincidences per fixed peak count). No correc­

tion is made here for window thickness, counting rate, etc., since the 

measurements are relative. This work served as a recheck of a portion of 

2 href fier ' s work (37), and confirmed that the 1 and 2 are in cascade.
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The most striking thing about the coincidence peaks with respect to 

the normal momenta peaks is the greatly improved resolution ( a factor 

of two in Figures 5»2 and $ .3)• This is not entirely unexpected, since 

Fowler and Shreffler noticed a similar phenomena in their work. An ex­

planation can be offered in terms of 1) source size and 2) source thick­

ness .

1) Unfortunately the argument concerning the effect of source size on 

coincidence narrowing is largely intuitive, since one can not integrate 

the equations of motion of the electron paths. (After considerable effort, 

Keller et al. (51) were able to predict resolution, but not line shape.)

Figure 5.4 shows the effect of source size on resolution, using the 
157

Cs K and L peaks . Both sources had about the same total activity and 

differed only in size, one being four millimeters across, the other twenty 

millimeters. Sources as large as twenty millimeters were never used in 

data taking, and some of the abnormality of its line shape may be due to 

scattering; the important feature, however, is its relative broadening.

Keeping this in mind, let us examine the manner in which coincidence 

data is usually taken. Shown below, schematically are two peaks, repre-
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seating coincident conversion electrons, as seen by the individual spec­

trometers. The dotted peak is a coincidence peak. Ca represents the posi­

tion of the fixed counter on point P^ of the spectrum as seen by the south 

instrument. Actually one should now integrate over the contribution of each 

infinitesimal portion of the source to the individual line shapes. Since 

this can not be done by the means available, let us assume that the outer 

parts of the source contribute most to the wings of the individual peaks, 

and that the central portion of the peak contains contributions from the 

central (on axis) portions of the source as implied by Figure ^.4. This 

being the case (remembering that true coincidences can only come from the 

same nucleus), the counter CQ will be more likely to detect true coinci­

dences with Cn when the latter is at position than at P , simply be­

cause the coincident electron will be more likely to be there. (Relative­

ly more coincidences would be expected with CQ at PQ1-)

The total result of this effect will lead to a narrowing of the 

coincident peak as shown by the dotted curve. The magnitude of the narrow­

ing will, of course, depend upon the original resolution of the individual 

spectrometers, with greater narrowing to be expected for finer resolution. 

With poorer individual resolution, each detector would see more of the 

line, and one would expect less narrowing. Fowler (56) and Shreffler (57) 

have actually performed the integration over the contribution of various 

parts of the source to coincidences, for the case of a 180° spectrometer, 

and find the effect mentioned above. Though the trajectories are quite 

different, similar effects would be expected in the case of the thin lens 

coincidence spectrometer.

2) Source thickness also contributes to the narrowing of the coinci­

dence peak. A true coincidence comes about only from events originating 

in the same nucleus . In order to be recorded as counts by the individual 
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detector, the electrons must, between them, traverse the entire source. 

Hence a fairly large number of electrons might be expected to be scat­

tered. The effect of scattering is to broaden the individual peaks by 

the shifting of electrons to lower energy (ignoring self-absorption).

Coincidence scanning would be expected to reject a portion of the 

scattered electrons and bring about narrowing in this fashion. The like­

liest case one would expect to encounter would be where both electrons are 

scattered somewhat. Let us say they are scattered to positions P and 
nl

P 1 in the sketch above. In that case, while Cn might see the electron at 

P , , C would not detect the electron at P . This argument leads to a n± 8 81

rejection of a port ion of the scattered electrons and hence a narrowing 

of the coincidence peak.

Source thickness will be discussed in greater detail in the section 

concerning the limitations of the thin lens coincidence spectrometer.
181

The Hf coincidence peaks were run with the movable baffles wide 

open, in order to receive as many singles counts as possible. While a 

large number of coincidences are rejected, for the reasons stated above, 

the improvement in counting rate was sufficient to warrant this practice. 

Coincidence Data and Corrections

Throughout this work, coincidences are always considered with res­

pect to a fixed point. Thus all measurements are relative. As an example, 
the Hf1®1 coincidence data plotted in Figures 5-2 and 5-5 represent the 

number of coincidences at the "scanning" detector, divided by the number 

of counts at the "fixed point" counter.
152,15k

All of the work on Eu , concerning the coincidences between

peaks, was done by computing the number of coincidences per fixed point 

count. This was done at the peak and on either side of it (where measur­

able), and then the data was compared with the fixed peak interchanged.
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In each case, a coincidence should be indicated, if existent. In the case 

of the coincidence beta spectrum, the method is obvious from examination of 

the Kurie plot.

The only correction, other than accidentals, to the true coincidence 

counts would be the correction due to large air showers caused by cosmic 

rays. Due to the small counter volume and large counter separation, one 

would expect the effect to be small. This phenomena was measured over a 

two day period, and a total of two coincidence counts were recorded. This 

was the same as the number of accidentals to be expected from the individual 

counter background counts. Thus no correction for cosmic ray effects were 

thought necessary.

Limitations of the Thin Lens Coincidence Spectrometer

Some discussion of the limitations of the instrument constructed and 

used in this work seems warranted at this point.

The solid angle of the individual spectrometers is rather limited 

(^0 .5^) . Since the true coincidence rate depends on the solid angle 

squared (Equation 3.5), this severely limits the rate at which data can be 

taken. Combined with effects due to the source, which are described below, 

this makes the taking of data a tedious process . An example may be fur- 
181 

nished from the Hf case.

South Instrument North Instrument Total Coincidences Time

27,715 x 256 counts 21,741 x 256 counts 2004 counts 55,6005

These are extremely favorable data, measured at an optimum point. There 
181

are few conversion lines as strong as the Hf K and L lines due to the 

134 and 136 kev gamma rays. In general, data taking is much slower than 

this, and over twenty-four hours may be required to obtain 15% statistics.

One might expect that by going to stronger sources, and using a faster
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detecting device (such as scintillation detectors), the taking of data 

might be hastened. This would be true only in certain special cases 

where highly active sources, with ideal conversion lines, could be put 

into a suitable form to constitute a usable source.

In the work done with this instrument, the activity and chemical or 

physical form of the sources seem to be the limiting factors. Unless the 

source can be put into such chemical form as to permit precipitation in an 

extremely thin source, or so fine as to be evaporated from a suspension, 

self-absorption in the source will prohibit the taking of data. In the 

course of this work several elements had to be rejected, either because of 

insufficient activity, or because a thin enough source could not be made. 

In addition, the requirement of thinness limited the total activity of the 

source; in many cases it became necessary to dilute the source to make it 

thinner. For this reason, it seems unlikely that going to faster detectors 

in order to use stronger sources would prove worthwhile. While the in­

creased total activity would be expected to decrease the time necessary for 

taking data, unless the specific activity were extremely high, it is like­

ly that the added thickness of the material would actually decrease the 

coincidence rate.

As an example, Professor J. M. Cork of this university made available 
192to the author a quantity of Ir . This source was highly active, but in 

the form of a metallic powder. Since Iridium has about the same chemistry 

as platinum, it is almost impossible to put into solution. Its boiling 

point is > 4500*F so it could not be deposited by vaporizing, and the indi­

vidual grains were too large to permit convenient precipitating from sus­

pension. The latter was tried, but due to self-absorption, the source 

proved too weak (coincidence-wise) to use.
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Unless an active source with good conversion lines can be obtained, 

which is capable of being made into a thin source, it will prove extremely 

difficult to collect data with a thin lens coincidence spectrometer. 

Uses

Once the limitations upon the source have been met, the thin lens 

coincidence spectrometer is excellent for certain types of work.

Where suitable conversion lines exist, good resolution gamma-gamma 

coincidences can be done. Also unambiguous beta-gamma coincidences can 

be measured, and in fact, the coincidence beta spectra may be plotted to 

determine the end-point of the beta involved.

It is possible to do unambiguous delayed coincidence measurements (56) 

to determine the lifetime of isomeric states. In this case, the use of 

scintillation counting techniques might be advantageous to measure life­

times < .25 microseconds, even if considerations of source strength 

would not warrant it.

Using an instrument of

cases, to measure the ratio

whose peaks are obscured by

where and are

this type, it should be possible,in certain 

of K-L conversion coefficients of gamma rays 

other lines . Suppose we have three gamma rays 

in coincidence, but neither is in coincidence 

withy5. Further let us assume that the K and L peaks of and over-

lap. Then if coincidences are measured between the K and 

and say, the K line of the coincidence rates will be

L lines of y 

for the two

K lines

”K1,K2 -

and

”2 * ((^2)

where N is the source strength, n^ is the single counting rate for , 
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is the solid angle for the instrument measuring n ,CJ is the solid 
s

angle for the other instrument, AND o^2 are the respective K con-

version coefficients, and f is some factor lumping counter efficiency, etc.

Then

°K1K2

n2
aKl S

Similarly:

nLlK2 

n2
aLl S (24)

Ignoring any considerations of momentum spectra (i.e. division by 1)

Equation (?.3) = o^L
Equation ($.4)

from which the multipolarity of an obscured gamma ray might be measured.



CHAPTER VI 

THE DECAY OF Eu^ Eu15^

Natural europium contains two isotopes, Eu^^^ (4?.77%) and Eu^^

( 52.23^), which when subject to thermal neutron bombardment go to Eu^^ 
154 152

and Eu respectively, by (n,y) reaction. Eu decays with two life­

times . There is a 9.2 hour decay, which has been examined by Tyler ( 62) 

and Hill ( 63), and which seems fairly well understood. In addition, Eu^2 

exhibits a second lifetime of the order of years, as does Eu1^. These 

lifetimes have been examined mass spectrographically, and by other means, 

with results ranging from five to sixteen years ( 64) (65) ( 66) . The life­

times are listed below according to experimenter.

TABLE IV 
152 154

HALF-LIFE MEASUREMENTS FOR Eu AND Eu

Experimenter _____ Eu152 EU^

Hayden,Reynolds and 
Inghram

5 3 yrs. 3 • 4 yrs .

Ka rake r,Hayden and 
Inghram 13 ± 2 yrs. 16+4 yrs.

Lockett and Thomas* 12.4 + 0 4 yrs ( î ) 7-5 (?) yrs .

152 I54
The radioactivity of the long-lived Eu was first examined

by Cork, Shreff 1er, and Fowler ( 67), who noted many of the conversion 

electrons by means of a 180° spectrometer. A careful examination of the mo­

mentum spectrum was made by Shull (68), using a magnetic double focusing 

spectrometer of excellent resolution. Fowler also examined the Eu^2*1^ 

decay by measuring coincidences between conversion lines using the instru-

*The isotopic assignment of the 12.4 year half-life is not 
completely certain; the 7 -5 year figure is fairly uncertain 
as to magnitude.

72
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ment previously described ()6). He found that coincidences existed be­

tween the 125 kev and 544 kev, and the 244 and 122 kev lines. Considerable 

additional work was done by Cork’s group, accurately measuring the line 

energies and proposing decay schemes (69) (70) . In addition, Shavtvalov (57) 

noted coincidences between the ~ 0.7 Mev end-point beta spectrum and a 

conversion line he assigned to the 556 kev gamma ray; also Katz (71) made 

certain isotopic assignments to the gamma rays in disagreement with the 

coincidence work of Fowler ( i .e . 125 kev to mass 154, and 544 to mass 152).

Up until the present writing, the state of the Fu^^^ long-lived 

decay may be summarized by saying that while at least two beta decays were 

known to occur from the mixture, and at least ten gamma rays had been noted, 

no sound decay scheme existed. The gamma energies usually assigned are, in 

kev, 122, 125, 244.5, 556.4, 544, 720, 778, 964, 1086, and 1116. In addi­

tion, Shull finds a 412 line, and, by means of a photo source, a 1402 line. 

In the present work, the beta decay was examined, conversion lines measured, 

and coincidences sought between conversion lines and conversion lines, con­

version lines and beta spectra, and between the gamma rays. 

Source Preparation

The Eu used in this work was kindly provided by Professor

J « H. Cork of this university, and is the remaining portion of the material 

used by Shull, Fowler, and Cork. Hence it is at least five years old, and 

the 9.2 hour lifetime may be considered to have completely decayed.

This europium was in the form of an oxide powdez^ which was put into 

solution by dissolving in distilled water, made acid by a drop of HC1. 

(Europium is not appreciably soluable in non-acid solution.)
152,154 

The sources used in this work were prepared by evaporating the Eu
2 

solution thus obtained onto a double layer of zapon backing (~ 0.054 mg/cm ), 

and then covering the source with a similar zapon sheet to prevent contami-
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nation of the tube. Evaporation of the source was accomplished under a 

heat lamp while being manually rocked, in order to obtain as thin a 

source as possible. Two sources were prepared: a weaker source ~ l cm. 

In diameter, which was used to determine the momentum spectrum, and a 

strong thin source ^1.7 cm. in diameter used for coincidence work. 

Beta Spectrum
152,15k

The beta spectrum of the Eu mixture was measured using the

south instrument. The resolution was 2.2%, as determined by the K line 
of Os^.

Figure 6.1 shows the partial momentum spectrum with the conversion 

lines identified, Figure 6.2 shows just the smaller amplitude conversion 

lines, and Figure 6.5 the beta spectrum alone. Due to the large dif­

ferences in peak height, it is necessary to break up the plot in this 

fashion. The 244 K-peak is included in Figure 6.1 to illustrate the 

relative heights.

■^c^uded in the beta spectrum shown in Figure 6.5 are a series of 

points normalized from Shull’s data. It will be noted that the lower 

energy beta spectrum seems to have decayed considerably. This indicates 

that the relative lifetimes as represented by 5.3 and 5.4 year half-life 

estimates are probably in error. With this in mind, a careful examina­

tion of the 244 and 344 kev conversion peaks was made, in order to com­

pare their areas with Shull's data. In this fashion, it was hoped that 

some information might be obtained as to which beta decay they accompanied. 

No attempt was made to do this for the 122 and 123 lines due to the large 

amount of scattering "tail" in Shull's data. Unfortunately the higher 

energy peaks do not appear to be completely defined in this work, and 

possibly due to this and to scattering in some of Shull’s peaks, no real 

conclusions could be drawn. Final conclusions are left to the coincidence
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work.

The values found for the peaks shown are listed on the drawings, 

and agree with the previously measured values within the uncertainty of 

this work. For the only clean lines, the values of 244.0 kev and 344.) 

kev were found. (Cork et al. find values of 244.3 kev and 343.8 kev 

respectively.)

Figure 6.4 shows the Kurie plot for the beta spectrum. The high 

energy end-point is 1.45 0 .05 Mev. This is somewhat lower than the

previously measured value of 1.575 + .15 (Shull) and 1.58 (Hill and 

Shepherd (63) ) . The lower energy end-point is measured here as 700 + 30 

kev, again lower than previous values. Furthermore, there appears to 

be the possibility of a weak lower energy line. This last beta decay 

must be classified as doubtful, since a second Kurie plot subtraction 

leads to vastly enlarged errors, and in addition, the region over which 

it is measured contains many conversion lines, with the accompanying possi­

bility of scattering. In order to minimize this scattering, the beta 

spectrum has been plotted in this region exclusively from points close 

to the high energy edge of conversion lines. This third beta spectrum 

has an end-point of 330 + 100 kev.

Coincidences between the Beta Spectra and the Conversion Lin*s

In order to take coincidence measurements, the weaker source used 

in the preceding work was replaced with the stronger one described above.

No coincidences were observed between either the 122 and the 123 L 

peaks and the continuous beta background due to the 0 .7 and 1.4 Mev end­

point betas. The L conversion peak was used rather than the K in order to 

reduce self-absorption of the lower energy K peak electrons. (This practice 

was followed throughout for these lines . ) This is in agreement with the 

work of Shavtvalov (57) •
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No coincidences were found between the 244 K line and the beta back­

ground, due to either of the two higher energy end-point beta spectra.

Coincidences were found between the J44 kev K conversion peak arid 

the continuous beta spectrum of 0.7 Mev end-point. The beta spectrum 

was plotted by coincidence measurements and is shown in Figure 6.5.

the uncertainties in the individual points are large, the result 

appears unambiguous . The coincidence rate for this data was rather slow, 

and running times up to 62,000 seconds were required for each point. 

Figure 6.6 shows the Kurie plot for this spectrum. The end-point is 

~700 kev « For a beta spectrum of this type, taken with the baffles wide 

open, a resolution correction would normally be made. The correction for 

resolution would be small, and since the beta component involved is un­

ambiguous, no correction has been made.

Shavtvalov found similar beta-gamma coincidences, which he assigned 

to a 536 kev gamma ray. A careful examination of the data of Shull 

( available at this university) shows no evidence at all that any such 

line is converted with reasonable intensity. Such a line would appear 

as a hump on the low energy edge of the 344 K-c envers ion peak in Figure 6.2, 

if it were at all intense. Therefore the beta-gamma coincidence assign­

ment is made as described above, to the 344 kev line.

It is not possible to measure coincidences with the lowest energy 

end-point beta spectrum, since the conversion lines would overlap it at 

the resolution used.

Coincidences between Conversion Peaks

In agreement with Fowler (36) and Katz (71), no coincidences were 

noted between the 122 and 123 kev K or L conversion peaks, or between 

the 244 and 344 K conversion peaks. In agreement with both authors, 

coincidences were found between the K conversion peaks of the 122 or 123
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kev (unresolved.) gamma and the 244 kev K conversion line.

Coincidences were not found between the unresolved 122+12) kev 

gamma ray L peaks and the K peak of the )44 line. This is in agreement 

with Katz and Lu (below), but is in disagreement with Fowler.

These conversion line coincidence results were obtained by noting, 

in all cases, the differences between peak and background rates for both 

peaks in the manner previously described.

The results may be summarized as follows :

1. The 122 or 12) kev gamma ray is in coincidence with the 

244 kev gamma ray.

. 2. The )44 kev gamma ray is in coincidence with the continuous

beta spectrum which has an 0 .7 Mev end-point.

). No other coincidences between the beta spectrum and 

conversion lines are found.

4. No other coincidences between conversion lines are found. 

The Gamma-Gamma Coincidences
The gamma coincidence spectrum of Eu^"^*^^' has been run by Mr. 

Daniel Lu of this university, using the crystal summing technique, 

which Professor M. L. Wiedenbeck and he developed (7)).

The crystal summing technique is a method of doing double, triple, 

and higher coincidences by means of a scintillation detector and only 

one channel. The scintillation crystal (thallium activated sodium iodide, 

in this case) has a small hole drilled into it. The normal gamma spectrum 

of the source being studied is first run in the usual fashion. Then the 

source is inserted into the hole in the crystal, and the spectrum is re­

run. In this case, the crystal subtends an angle of essentially 4% with 

respect to the source, and gamma rays which are emitted simultaneously are 

recorded as peaks whose energy is equal to the sum of the individual energies



of the gamma raya, Thus on comparing the spectra for the source outside 

the crystal and the source inside, peaks which are in coincidence will 

have disappeared in the latter case, and peaks represented by their energy 

sum will have appeared. An illustrative case is shown below.

(a) (b)

Source outside

Energy

*
S ource ins ide 
"Sum spectrum"

1
K

where (a) is the two spectra, and (b) the hypothetical decay scheme which 

they represent. Despite the solid angle, the crystal is not one hundred 

percent efficient, so that residual and^g peaks appear in the "source 

inside" or "sum" spectrum. Experience with the particular crystal used 

here has shown that when a peak is in coincidence with another of ~100 kev 

or less, it will completely disappear in the "sum" spectrum. This is be­

cause the absorption efficiency of the crystal is about one hundred percent

for the lower energies. For higher energies, a small residual peak is noted,

as in the case illustrated. Note that in the scheme above, at energy

E^, not being coincident with another gamma ray, is unaffected by the 

change of source position. In the case of X-capture or high internal con­

version coefficient, this method detects not only the X-ray when the source 

is outside the crystal, but coincidences with the X-ray when it is inside 

the crystal.
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, 152,154
Figure 0.7 shows the gamma ray spectrum of Eu with the source

outside and inside the crystal. Resolution is » 9% at 700 kev. The ordi­

nate is counts per unit time in arbitrary units, and the abscissa, also in 

arbitrary units, is pulse height energy). The principle gamma ray peaks 

and the sum peaks are identified.

Examination of Figure 6.7 yields the following results:

1 » Part of the 122 or 125 kev peak (unresolved) is in coincidence 

with an X-ray.

2 . Part of the 122 and 125 kev peak is not in coincidence with an 

X-ray; hence one is in coincidence with an X-ray, and the 

other is not, or vice versa.

5. The 244 kev transition appears to be in coincidence with an 

X-ray. (It disappears completely in the "inside" spectrum, 

and hence must be in coincidence with something of low 

energy.)

4. The 244 kev gamma ray is in coincidence with 122 or 125 kev 

gamma ray.

5- The 544 kev gamma ray is not in coincidence with anything 

(i.e. it is unchanged in the two spectra).

6. A gamma ray is seen 4lO kev, but if any coincidences with 

it occur, they are obscured by other peaks.

7. A 720 kev peak occurs in the normal spectrum, but any pos­

sible coincidences with lower energy gamma rays are 

obscured by other peaks in the sum spectrum.

8. A large sum peak appears in the sum spectrum at n40 kev.

It will be noted that 720 + 122 or 125 + 2LU + U7 ~ UhO, 

and that 964 + 122 or 125 + 47 is also w 1140. In 

these sums, 47 kev is the K-X-ray energy of samarium.
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9. A 778 kev line occurs, but It is not in coincidence with anything. 

10. A 964 kev line is seen in the normal spectrum. Its partial 

disappearance in the sum spectrum assures that it is in 

coincidence with something. The broadening at the low 

energy base of the 1140 kev sum peak indicates that it is 

probably in coincidence with an X-ray. (Also see 8 above.)

11. The 1086 and 1116 kev peaks are seen in the normal spectrum, 

but are unresolved.

12. Sum peaks equal to 1086 plus two X-rays, and to 1086 plus 

122 or 123 plus an X-ray are seen.

13. A 1415 peak is seen in the normal spectrum.

14. Sum peaks equal to 1415 plus an X-ray, and to 1415 plus 122 or 

123 are seen. No peak equal to 1415 plus 122 or 123 plus 

an X-ray is seen. Hence 1415 is in coincidence with 122 

or 123 or its conversion X-ray, but not with a K-capture 

X-ray.

Isotopic Assignments

The following isotopic assignments are made by Katz and Lee (71) 

and shall be adhered to in constructing the decay schemes: the 344, 244, 

and 122 kev gamma rays belong to the isotope of mass 152, the 1116 and 

123 kev gamma rays belong to the isotope of mass 154. This is confirmed 

by the coincidence measurements made here and by information received pri­

vately from E. L. Church (74). Katz's results are based on enriched iso­

topes, and Church's upon the relative intensity of conversion lines from 

bombarded and from fission product sources. Church also finds that the 

123 line is internally converted in Gadolinium. In addition, Hill and 
152 154 Shepherd (63) find no positrons from the Eu * mixture to one part in 

four thousand.



This information, combined with the data described above, allows
152 154

decay schemes to be drawn for Eu and Eu . 
152 

Decay Scheme of Eu 
152The decay scheme for Eu is shown in Figure 6.8. The 122 and 

244 kev gamma rays are known to belong to the isotope of mass 152. Hence 

the 244 kev transition must be in coincidence with the 122 and not the 125 kev 

transition. Since neither the 122 or the 244 kev gammas are in coincidence 

with the beta decay, and since they are in coincidence with an X-ray, they 

are assigned to the K-capture branch of the 152 isotope. The quadruple 

coincidence of 720, 244, and 122 kev gamma rays with the X-ray place them 

in the position shown. The energy fit of the 964 kev gamma ray, combined 

with its coincidence with the 122 or 125 kev gamma ray and an X-ray, fit it 

into the scheme as drawn. Intensity considerations lead to the relative 

placement of the 122, 244, and 720 kev lines. The 1086 kev gamma ray's 

position is demonstrated by the triple coincidences of 1086 plus 122 plus 

an X-ray, and 1086 plus two X-rays. (The latter comes about from the high 

conversion rate of the 122 kev transition.)

The beta decay branch is as indicated because the coincidence of 

the 544 kev gamma ray and the 0 .7 Mev end-point beta spectrum has been 

established, and no other coincidence with the 544 kev gamma ray is seen. 

The dotted transition between the beta spectrum of end-point 500 kev and 

the 410 kev gamma ray is tentatively proposed because of the energy fit.

The spectrum of the 9.2 hour Eu^ has been included in Figure 6.8 

for the sake of completeness (27)• 
154 

Decay Scheme of Eu

The decay scheme for Eu is shown in Figure 6.9- The coincidence 

of the 125 and 1415 kev gamma rays has been demonstrated. However, no 

coincidences between the 125 kev gamma ray and either an X-ray or the
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continuous beta spectrum exists . Since the 123 kev gamma ray is converted 
I54.

in Gd (73), the beta decay branch is constructed as shown with the delay 

indicated. The dotted transition is made purely on the basis of energy 

fit, and represents the possibility that the beta spectrum of 0.7 Mev end­

point actually consists of two spectra of almost identical end-points, one 
152 1^ ,

occurring in Eu , the other in Eu . Both the 778 and 410 key gamma 

transitions are dotted in this work. They have been seen only by Cork, 

Shull, and ourselves using the same source material, and could be due 

to contamination caused by other rare earths.

Although no coincidences between the 1116 kev gamma ray and an

X-ray are seen, they would be obscured by the large 1140 kev sum peak. 

This gamma ray is known to belong to the isotope of mass 154 (70) and 

does not fit into the beta decay branch. Hence it must result from K- 
154 

capture in Eu .

Results 
152 154The decay schemes of Eu and Eu have been demonstrated.
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