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DESIGN AND CONSTRUCTION OF A THIN LENS COINCIDENCE SPECEEOMETER

- 1
WITH APPLICATIONS TC 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 180°
vith respect to each other on a common tube. Tne indivdual nalves oi the
instrument are of conventional design, utilize ring focusing, and are
cepable OFf 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 reauce
effects due to the horizontal component of the earth's field. The vertical
component is cancelled by means of large Helmholtz type coils. Geiger tube
detectors were used, and coincidences were measured by means of both Rossi
and Garwin circuits on different occasions, with resolving times of 0.38
and 0.28 microseconds respectively.

A characteristic of this instrument is the narrowing of conversion
lines { 1 .e ., improved resolution) when coincidence spectra are plotted.
The ceuse of this narrowing is discussed, with examples drawn from the
decay of Hf18l.

Us ing the component thin lens spectrometers, normal beta spectra and
conversion coefficients can be measured. By means o!f' the colncidence
arrangement, coincidences between conversion lines and between conversion
lines and beta spectra mn also be determined. 1t I8 demconstrated how the
convers ion coefficients of obscured peaks can be established. The advan-
tages and disadvantages of the coincildence spectrometer are discussed.
The radicactivity of Eulbg’ljh was examined by means of thie instrument.
The beta s pectrum was complex, consisting of components with end-points
at 1.3 * < .C> Mev, C-7¢ t (.03 Mev, and C.%3 T C.10 Mev. The last men-
tioneu end-point is doubtful due %o the presence of conversion lines with
accompany ing scattering. Coincidences were noted between the conversion
lines due +to the 122 cor 123 ,unresclved) and 2Ls kev transitions. No
coincidences were noted between the 122 and 123 kev conversion lines, the
3kh and 244 kev conversion lines, or between the 122 or 125 and 344 kev
convers ion lines. {Coincidences were nouted between the 344 kev truansition
and the beta spectrum with (.70 Mev end-puint. Tne coincidence beta
gpectrum was plotted . No other coincidences between conversion lines and
beta spectre were found.

This information, combined with other data from a gﬁystal summing
spectrometer allowed the decay schemes of Eulo? ang Eul) to be established.
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CHAPTER 1

INTRODUCTICN

The history of beta decay and nuclear iscmerism is nearly as old as
that of nuclear physics itself. The discovery of radicactivity was an-
nounced in 1836 (1), and shortly thereafter, the resclution of the radia-
tion into two componentes termed alpha and beta was @ccomplished (2) (3).
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 resclution of the radiation fromlnatural sources intc its basic
components, which he designated alpha, beta, and gamma. These names are
8till in use.

The so-called alpha radiation consists of helium nuclei with dis-
crete kinetic energies. Its history and properties form & 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
wheole series of workers, while the gamma radiations were found to be
electro-megnetic 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. 1In fact in 1924, Bohr and several others (5) suggested the pos-
81bility of abandoning the conservation of energy fcr the process of beta
decay. The classical work of Ellis and Wooster (6) seemed to show that
if beta decay were considered & two body problem, the measured energy was

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




tics. A way around this paramount difficulty was suggested by Pauli (7),
whe 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 accumilated an im-
pressive body of evidence for its existence; however, no clear cut proof
yet exists. In 1934, Fermi (1l1), assuming the existence of a massless
neutrinc, 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 & theory existed, unrecognized, which predicted their existence (1h4).
Not long after their discovery, positrons were found tc vte emitted by
many of the low A artificial isotopes.

The result of positron emission is the change of a nucleus from zN

to NA. In 1936, Yukawa and Sakatw (15) pointed out that a competing

z-1
process might exist in the nuclear abscrption of an oroitul 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-rayes from Ti following the K-capture

in Vaug.
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




above trat of its ground state. Such & nucleus is called iscmeric and
will reach ite ground state by the emission of a photon (gamma ray), or
several photons (cascading through a series of progresaively lower excited
states).

Nuclear isomerism is characterized by the existence of nuclei identi-
cal in muss and charge, but differing from each cther in enargy and possi-
bly spin and parity. Their exlstence was predicted by Soddy (17) as early
a8 1917 and first found in PaEBM by Hahn (18). For many years this stood
alone as an example of isomerism, but just before World War 1I, the iso-
merism of Brao (preceding, not following a beta decay) was found (19) (20).
The post wur period in this field has been characterized by the discovery
and tabulation of hundreds of cases of nuclear isomerism.

The isomeric decuy 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 tne
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 (23).

The above historical resume has shown that, to our present knowledge,
& 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 (gammsa rey) emission or by internal conversion.

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

and the methods used to measure them will be discussed.




Beta Decay
The following types of interaction,

P—n + et +y

n—e=p+e +p

P+e —en +y

(n+e'—ep +y)
betveen fermions (particles of epin 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
symretry .

Interactions of this type constitute a rearranging of the nucleus in
order to reach a state of lower energy. The presence of a neutrino, 4,
must be postulated (7) 1n order to conserve energy, engular momentum, &and
statistics for the processes. It might be pointed out here that the com-
petition between pcsitron emiss‘ion 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 expreased as
2
A = %‘H“ldﬁ (1.1)
where d\ 1s the number of transitions per second, Hjy is the nuclear ma-
trix element, and dfF 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 & volume of phase space is proportional to the

volume, one may express

d Pe C!Pe d we e;z. dp, dewoy
S = (ztrk)b (L.2)




in unite of h = enh, where Pg 18 the electron momentum corresponding to an
energy W, and P, is & neutrino momentum corresponding toc an energy

cP, =W, - W =W,. If we assume that the neutrino has zero rest mass and

that Wo =W + Wy, , where WO is total energy, when we integrate over dwedwy,

_ pE (We-wW)* dp,
P (1.3)

This is sometimes called the "statistical factor". The term (1.3) in (1.1)
will dominate the gross shape of the spectrum.

The term H;, 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-
silderations determine the exact form ot Hif' 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 essantially pleune wave func-
tions for the electron and the neutrinc. This leads to & series of terms
in the probability of transition differing from each other by (R/k)2 =
(1/157)2, where R is of the order of the nuclear radius, and x the wave
length of the electron or neutrinoc. 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 c¢f successive terms in this expansicn, forbidden terms come into
Pley 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 neutrinc 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 & 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 cccur;
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 ocne. It is perhaps a little toco early to say with certainty.

The final form of Equation (1) with ]Hifle correctly substituted
according tc 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 pecsitron spectrum is
shifted to higher energies and vice versa. (In fact, most of the contri-
bution to the positron spectrum near W - O is due to barrier penetration.)
The case of orbital capture is very similar, the major difference being
in the statlstical factor. (The electrons are moncenergetic in this case.)

Table I shows the selection rules for the variocus type interactionsa
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 ractors of
of v/c, where v is the nucleon velocity. In this case, v/ca1/10 und leads
to the grouping of certain terms as first forbidden, which wculd be allowed
if only powers of r were considered.

Kurie Plots of Allowed and Forbidden Shapes

The allowed spectra may be expressed as

dé;— = N(p) = C (Wo-wW)*p2 F(z,w)

(1.4%)




TABLE 1
SELECTION RULES FOR BETA DECAY
e ——— — v
Occurring for Selection Rules on
Order Parity Interection Nuclear Spin I
Changetl Type %
Allowed No S,V 41=0
T,A AT =0, + 1 (not 0—0)
P,A AL = 0O
nce v,T t O —>0
Forbidden Yes T,A (no )
ALl = O
T,A
T A I = 0y #)1, + 2
? (not 0—>C,5+3 , 0<>1)
P,A AL =0, + 1
(not 0—0)
s,V AL =0, + 1, + 2
v,T 1 1
T,A (not 0— 0,573, 0<>1)
Twice
Forbidden No
v,T AL = O
v,T AL =0, + 1 (not 0—0)
T,A 8 =0, +1, +2, + 3
(not oﬂo,% —»%,%«——g
1—1, 0<—>1, 0<>2)
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where N(p) is the number of emissiona per second intc & unit momentum
range, C is a constant, and F(Z,W) is a correcticn 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 ullowed spectra are the same for
any choice of interaction and give no information along this line. From
Equaticn (1.4), it is apparent that

NP 2
(Wo-w) ~ lpz F(Z2.W) (LQ)

which is a linear relationship. Data plctted according to Equation (1.35)
is called a Kurie plot (25), and if u straight line results, the datu are
identif'ied as representing an'allowed trunsition (or certuin forbidden
spectra with constant correction term, see below). Forbidden spectra may
be expressed from the Fermi thecory as multiplicative correction terms to
Equation (;;&l. 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 (1l.») until the
plot is linearized.

Since the forbiddenness and form of interaction in beta decay are
determined by the relative epin and parity of the initial ana final nuclear
states, it is sometimes possible to drew concluslions about these quantities
from the shape of the beta spectrum. Such Information is of interest to
shell theory. Conversely from shell thecry, cne can scmetimes predict the
degree of forbiddenness toc be expected.

Isomerism, Gamma Emission and Internal Conversion.

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

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

state in spin and parity. Strictly speaking, iscmerism refers only to

-




those excited states which have a measurable lifetime; however, this defini-
ticn merely states the limit of present technique and is subject tu change
a8 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 & 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
N
2 e
Y,
Y.
3
Y, Y. Ye
4
Y3
5 Y A SNt
Z+1
FIGURE 1.1

A Hypothetical Level Scheme
The electron emission by nucleus ZNA leaves the nucleus Z+1NA in the iso-
meric level 2. From level 2, the nucleus could decay to the ground state
by gamma emission through & number of paths as shown. In doing so, the
nucleus Z+1NA 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 thﬂtz’h andf(5 are prohibited by selection rules so that
level 2 can only decay to level 3. If the alternate paths 3 —*35 and
3-*4-—+>5 are not prohibited, the relative probability of the two modes is
referred tc 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 thisrresearch.

2. Gamma Emission and Transition Probability

. . 1
The lifetime of an excited level (s trans Tt Ton probabIlity ) with

respect to gamma emission will depend con the selection rules governing the
-1z -
emission of a photon and can vary from 10 seconds to several years.
TABLE II

SELECTION RULES FOR RADIATIVE TRANSITION

Power of x/x in
intensity p 4 6 8 10
Electric Radiation dipole  quadr. oct. 1l6-pule 32-pole
T+ 10> , :
1 2 4 >
1 -1 < ?

Change in Parity yes no yes no yes
Magnetic Radiation -- dipole quadr. oct, 16-pole
‘I"’I")’ - l 2 j h

SIS
Chunge 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)e. Here x is the

order of nuclear dimensions, and x - “&ve length Si the radiation .4

100 kev, x/x is 1/300; hence, the intensity of quadrapole is le_timee
smaller than dipole radiatién and correspondingly for succeeding terms. The
transition probability will vary with the miltipolarity, and each term of
the multipole expansion hae different selection rules. The selection rules
for multipole radiation are given in Table I1, where I and I' are the angu-
lar momentum vectors for the levels between which the radiative transition
takes place. Note that electric 29 pole radiation is grouped with magnetic
ég-l 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 wili have to be done in this field (28). The
main difficulty ie 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

Xy . Nk (1-6)
Ny

where Ng is the number of K orbit conversion electrons emitted, and N y1s

the number of photons. Similar expressions hold for & Ly Xy X N’ ©€tc.




The total conversion coefficient is

N
X =4XK-+<¥ +0. .+ ... = € (1.7)
L M Ny

An older definition, still used occcasionally, defines X as Ne/(Ne+NX)’ the
number of electrons ejected per nuclear transition.

Internal conversion can be thought of, and calculated, as a form of
Photcelectric effect tuking place within the atom, the nucleus emitting a
pPhoton, which in turn ejects an orbital electron. Actually no photon emis-
slon takes place; the interaction occurs pburely between the nucleus and the K
electron. The problem in these calculations is to determine the probability
¢f transition of orbital electrons to states of the continuum under the in-
fluence of perturbing electromagnetic fields of a multipole located at the
crigin. These calculations are quite complicated and tedious, but depend
only on a knowledge of atomic structure and electrodynamics. They have
been curried out and tabulated recently by Rose et al (29).

The expressions which one obtailns 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, 1in the case where the orbital binding ¢ energy of the conversion

electron. This is the K conversion for a miltipole of order £ (30).
I
K e+7 [V ==

where Z 1s the nuclear charge, of the fine structure constant, and )/ the

e unite. The general features of this expression re-

gamma ray energy in mc
main unchanged for more exact computations. That is to say, conversion in-
creases 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 & or(z KﬁzL, 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 1s decreased. The half-life of the excited

state becomes

T = 0.69 = 0 .69 (1.9)
e * Ny Ay (1 + Q)
where Ka.is the decay constant for gamma emission of a nucleus stripped of

its electron, A, 1is the decay comstant for the transition induced by the

e
orbital electrons, and @ is the total internal conversion coefficient as de-
fined in Equetion (1.7). An interesting case is when both levels between
which transition tukes place huve I = O and the same parity. All radiative
transitions are strictly forbidden, and transition c&n 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
ZNA'*’Z + lNA, it is necessary to measure experimentally the following
quantities: end point and shepe of any continucus electron or positron spec-
tra, energy involved in all transiticns 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 ontc a de-

tector in such & fashion that the relationship between counting at various
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energles 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 relaticns between
coil current and the momentum of focused electrons. Unce the spectrum is
known, W, can be found from the end point of the Kurie plot (Equation (1.5)).

The use of scintillation spectrometers has also been suggested for
beta raye, but an unexplained counting rate catastrophe occuré at energies
below 200 kev (31).

End point energies can be determined by the use of absorbers, using
the method of Feuther (32). However, measurements of this type are not as
precise as those found from the Kurie intercept.

2. Measurements of Gamma Rays

Many methods exist for the measurement of gamma ray energies. Below
LOC kev, modified optical methods utilizing & bent crystal spectrometer (33)
glve extremely accurate results. Unfortunately, the method is inapplicable
tc 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 ruy energy in this fashion (34). Many methods of
various value are used in the middle energy runge, and some are described
below.

Gamma sources with a radiatcr covering them produce photc-electric
peaks, which allow analysis by beta spectroscopy, as does the case of in-
ternal conversion. When conversion occurs, the peuk 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 erergies are added, the resulting gamma energy will be equal for




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 acintillating
crystal and photo tube has allowed entire gamma epectra 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 purpcses as shall be shown.

3. Level Schemes: Energy Matching and Coincidence Technigues

It is sometimes possible to infer the arrangement of nuclear levels
from & knowledge of the gamma ray energies between them. This is eapecial-
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

igure 1.1, as an example, E6 =E;5 + E3.) This can be ambiguous, however,
especlelly if two or more gamma rays have about the same energy. Nor can
this system show which transitions lie higher or lower than others. Auy
scheme proposed, however, must check energywise.

Coincidence techniques are extensively used at present to establish
the gamme 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 ldeal 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 encugh 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 homogenious magnetic field. Feather (35) arranged two spectrometers

about a common scurce as shown below.

Do _t \

\ '—r"—

/
' ,/8B0urce

The dotted lines are trajectories for electrons of a given momentum
focused into the detectors Dl and Dg. Coincidences are measured between
Dy and D,. A similar system used by Fowler (36) and Shreffler (37), and

Katz (38) using essentially only one spectrometer is shown below.

_é - | - R _
source De Dl

Energy selection can alsc be done by means of scintillation gamme de-
tectors connected in coincidence. The fourth and last method is the
crystal summing technique of Wiedenbeck and Lu (39), 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 agsignment 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 rediation 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 megnetic field method of
Breit and iapi (40). This method is not applicable to the short-lived
states being studled here, but it allows direct measurement of spins.

At the present time, angular correlation (41) (42) between successive
gammy raye 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 sllows spin assignments to be mede. This type of
experiment gives no information about the parity of the 1evels; and to de-
termine this, so-called polarizution 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 studles of iscmeriem 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 alsoc 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
152,154 152,154
study the gamma-gamma and beta-gamma coincidences from Eu . Eu
is a mixture of two artificial redioactive isotopes, which was known to emit
many gamma rays, several beta spectra, and to internally convert. With the
. o 152 1ok
aid of the coincidence spectrometer, the ordering of the Eu and Eu

decay schemes was possible.




CHAPTER 11

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 ie shown in Figure 1.1.

In designing this instrument, it was desired to have available as hign
4 resolution thin lens spectrometer as possible, in addition to having an
ingtrument adapted tc coincidence work. With this in mind, the individual
nalves of the instrument were built to resemble the design of the highly
guccessful thin lens spectrcmeter already existing in this laboratory (43) (44).
Thus, each half of this instrument is a spectrometer with variable resoclu-
tion and with as fine an ultimute resclution as could be conveniently con-
gtructed. 1In practice, the north instrument has a best resolution of the
order of 2.%, while the south one has a best resclution of ~ 2.0% (where
resolution 1s henceforth defined as Ap/p for a single conversion line;
where p is momentum and Ap is width at half maximum). Since 2% ie general-
ly accepted as a rough lower limit for instrumente of this type, further
ref inement seemed unwarranted, especially since it would only result in
greatly decreased luminosity. Resolutions of this order give good re-
pregentations of continuous beta-spectra and resclve conversion lines well
enough for most purposes.

The Spectrometer Tube

The main body of the spectrcmeters 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

aystems. An additional flanged joint was constructed at about three feet
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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 urrengement also
permitted mucl. 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 pluced in rectangular gusket grooves, and were held in pluce
by twelve 1/4-20 bolts.

Non-ferrous construction was used throughout, and the only ferrous
metal near the system was the ditffusion pump, which was placed three
f'eet from the spectrometer.

Source and Scurce Holder

A grooved track is located in the center of the tube permitting a
scource 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 hcole in the source hold-
er, the holder and slide may be centered merely by pushing the slide down
the truck. The access port is covered by a4 half-inch thick circular lu-
cite plate. Thus, at all times, the source is open to visual inspection
without disturbing the vacuum.

Buffles

Identical baffle arrangements were used in each spectrometer, and a
single baffle system is shown in Figure 2.3. Baltle no.l is fixed in
position and defines the physical solid angle of the source. Baffles no.3
and nec. 4 are used to define ring rocusing, and the setting of these baffles
determines the resocluticn of the instrument. They may be moved aulong the
axia as a unit, or with respect to each other, by meana of quarter-inch
diameter brass rods, which emerge from the end plates through Wilson seals.

This enables them tc be adjusted externally without disturbing the vacuum.
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Baffle noc.5, a lead plug three inches long and one and three-fourths inches
in diameter, shields the detectcr from direct gamma rays from the source
and is held in position by three one-quarter inch diumeter 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 Hutchinson (4ls),
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.5, so thet 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-seccnd 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-
sulaticn 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 turne, nc danger
existed from the potential between individual turns of the copper. Baking
was accomplished in a similer fashion. Three '"pies" were connected in
saries across 4 220 V AC line, and the 12R 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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>f the assembled coil; one-quarter inch aluminum plates serve bcth to hold
the ccil together and conduct the heat away. The coils were assembled up-
on the two sectlions ¢f 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 alsc visible. Four turn-
buckles hold the coils, cooling plute, and end plates together. Details of
the coll 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 cf
brass pivots. The other end of the coll spool contacts the spectrometer
tube by means of four 1/L-20 brass aligning screws. By manipulating these
screws, it 18 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 acrews have a murked effect upon the counting

rate of the detsctor and serve as a sensitive means of aligning the
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spectrcmeters.

Coil Power Supply

The power supply system fcr the focusing coils is shown schematically
in Figure 2.5. Current is supplied by means of two L-2 aircraft type
Leece-Neville 28V 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 houaiﬁg. 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 cocil 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. 1In 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 ocutput 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 cf the spectrometer coils are individual
shunts, in parallel with which is 4 type K potentiometer. The potentiometer
serves both to measure the current end to monitor any slow drifts.

A common battery bank is used to supply both generators. In practice,
thiq method of battery regulation allows a short term variation of ~ 0.25%
as measured by an oscilloscope. Slow drift of the system requires that com-
stunt manual correcticns be made during operation. Since the measured best
resoluticn is less 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, potentiometers, galvanometers, and vther 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 weter coocling, and can not be operated for any length of time
(i.e. over twenty minutes). For lengthy operaticn, a practical upper limit
cf about 1.75 Mev exists.

Correcticns for Earth's Magnetic Field

The epectrometers are horizontally mounted in a north-south direction
to minimize effects due to the horizontal component of the earth's field.
The vertical ?omponent is cancelled by large rectangular Helmholtz type com-
rensating céiis 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.l6 wire. Powered by a Varilac acrcss the 110 V line, the resulting cur-
rent is rectified by a selenium full wave rectifiler in parullel with a 3000
micro-farad condenser bank. The current through the ccmpensating 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 ceilling
and/cr the floor. These slight varietions can be shown to be of second
order, and no attempt was made to compensate for them.

Vacuum Equipment

The entire espectrometer tube was evacuated by means cf a VMF-100
diffusion pump and a Cenco Megavac mechanical punmp. The vacuum was
measured by means of a McLeod gauge,and & vacuum of 10“j mm Hz was obtained.
At first, Octoil S pump fluid was used, but later a change was muade to

Dow 702 rluid. The latter proved to be much more stable wnd equally gocod.




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 "O" 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 cone atmosphere without serious distortiocn. 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 90% Argon 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 ges,
resulting in an increased diffusion rate. Occasional replacement of the

windows rectit'ied this problem.
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COAPTER III

THE ELECTRONICS

Introduction
In any work attempting to measure coincidences, the events recorded
us coincident are a result of contributions from two types of pPhenomena .

Ir NT is the total number of coincidences detected, then

=N + N .1
Nf real acc. (2——)
where N}eal is the contribution due to truly coincident events (in our
case nuclear in origin or due to cosmic rays), and §u: represents ac-
c.

cidental coincidence counts caused by the detection of particles in the
singles counters within a period of time, T,short enough to be measured
a8 colincidental by the circuitry.

If, in a two channel system, Nl is the counting rate per unit time

in channel no.l, and N_ is the cocunting rate per unit time in channel

2
noc.2, the chance tnat a pulse from channel no.l is accompanied by one
from channel no.2 within + T is

2 N, T
und the rate per unit time of accidental coincidences is
= 2 N;N T (3.2)

Equation (3.2) serves to defineT, which is generally referred to as the

N
acc.

resclving time of the coincidence circuit, since it is the smallest time
for which the circuit can resoclve individual channel ccunts. 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
as T 1s stable, it can be computed from Equation (5.2)(if Nl and N, are
from completely independent sources), and once known, can be used to com-

pute qux:' Consequently knowing T, we can distinguish between real and

32
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accidental coincidences by means of Equation (3.1). We shall now discuss
certuin of the restrictions on T , und hence upcn the circuitry which de-
termine it.

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

irons of selected energy in each channel of a coincidence system. In this

cage
Nl = Nwlelfl
] (3.3)
Ny = Neje,t,

where N is the source strength,<«s 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. Hehce

2
Nace. = aMMWeje f ) I, (3.4)

he number of real coincidences Nl o will be
b ]

Nl’e = NuyLe e I 1, (3.5

It is noted that N varies sas Ng, whereas Nl - 18 linear with N. There-

acc <

icre, there is, in any experiment, an upper limit to the socurce strength N
veyond which it is impossible to measure Nl o due to the fact that Nacc
»
becomes D) Ny Y and statistical uncertainty in Nacc waahes out any certain-
>

ty in the value of Nl ~ Similarly this source strength can not be too
b4
weak,or the time required to obtain Nl 5 with any good statistics becomes
’

prohibitively long.

If cone assigns the coperating condition that

then
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Thus the smaller the value of T, the larger N can be.

In using geiger tubes, a lower limit existe 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 microaeconds, und limites ¥ to a lower value of
about 0.25 microseccnds. 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
were utllized. Throughout the lining up and the work on Hlel, a very
simple system was used. This proved inconveniently unstable over the long
pericds of time needed to collect data, and it was finally discarded in
favor of a more sophisticated instrumentation. The two schenes are des-
cribed below.

First Electronics System

The first electronic scheme used in this work is block diagrammed in
Figure 3.1. Cuathode 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
mnodified pulse forming stage. Ordinarily this model scaler has an input
conslsting of an RC differentiating network feeding into a "gingle 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




Geiger counter Geiger counter
Cathode Cathode
Follower Follower

Kogsi
fa fay
cale ~ caler
2 T Circuit ¥

Discrininator

Zoincidence
Scaler

FIGURE 3.1 FIRST KILECTRONIC SYSTEM




36

in this work, the grid-plate coupling condenser between the two tubes of
the multivibrator has been reduced in value. Since this condénser in con-
junction with certain resistcrs effectively determines the pulse width
»ut out, the effect of reducing its value is to shorten this width. This
shortened pulse is still sufficient to trigger the scaling stages, and 1t
is also used as the input pulse to the coincidence circuit.

The coincidence circuit is a standard pentode Russl type consisting
of four 6ACT's. Each side of the Rossi circuit consists of two 6ACT's in
parallel, so as to provide greater stability. Power is supplied from the
auxiliary power cutlet 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 19:1 was attained, as measured on &
Tektronix $11A oscilloscope. A drawing of the Rossi circuit is shown in
Figure 5.2.

The output of the Rossl is fed into an Atomic Instrument Type 105
jecade scaler. This scaler hes a positive pulse discriminator in its in-
sut circuit and is very well regulated.

Using this arrangement, & resclving time of about 0.38 microseconds
was set and used throughout all of the preliminary work. OSonme difficulty
was encountered in maintaining & stable resolving time. The Rossi circuit
used draws considerable current in the screen grids (the screen grid re-
3istors have & dissipation value of one nundred and fifrty watts) 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 at0.38 microseconds for a
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period of two months), a drift in resolving time wae again noted. Rather
than repair the old system, it was decided to put in entirely new circuits.

Second Electronics System

The chief requirements of the new circuite were & different pulse form-
ing stage for.the single events (coincidence input) and a different coinci-
lence 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
oulse of about 10 V amplitude, 0.1 microseconds rise and 0.5 microseconds width.
3ince our requirements were negative pulses of the same specifications (to
trigger the Garwin type coincidence circuit decided upon), it was decided
toc use the Al's and modify their output. Actually, a simpler amplifier
could have been used, since the uniformity of geilger pulses (~ 100%) at
the counting rates used does not require the linearity of the Al.

As originally constructed, the Al's have a cathode follower output,
oreceded 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 & diode clipper wes also installed. The final con-
version is shown in Figure 3.5.

This type of pulse forming provides certain other advantages. 1t is
possible to shupe the output pulses to some extent by means of the variable
resistances Rl and RE' The Resistance Rl’ being in the plete circuit of the
invertor, allows some variation of pulse height. By means of Re, it is pos-

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

of clipping, R2 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 R, 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 contrel 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 3.4. This is a simple triode Rossi circuit with a diode clamp.

The diode doves 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 discriminaetor was again utilized.

A block diagram of this entlre scheme is shown in Figure 3.5.
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Resolving times of the order of 0.25-0.30 microseconds were easily
. 152,154
obtained, and for the work on Eu , & 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 electronice 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

PROFERTIES 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 scurce and detector
distance with respect to the center of the coil behaves exactly according

to a thin lens formula,

where

T
¢ - (momentum) x ConsY.

Jﬁﬁe dz
Z

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 ;lectron momenta. More thorough examinations

of the properties of this type instrument were made by Deutsch, Elliot,
and Evans (47), and by meny cthers (48) (49) (.,0), who assumed the op-

timum oondition of focus to be along the axis.

At a surprisingly later date, the focusing properties of the thin
lens were reexamined, and the optimum condition of focus was found tc be
4 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 & thin lens spectrcmeter can not be solved and must be exsmined numerical-
ly.

Starting with the Lagrangian, in cylindricul ccordinates, for an elec-

tron in an axially symmetric field (i.e. vector potential Ao in the ¢

44
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direction only)

- . z . et 2
L= [Fr o (r? v ALY+ 2] - e AT

the equations of motion can be easily shown to be

Lo

AA_.t(m:") = mr‘f’l + ¥ g;;:(r‘Ao)

> - ‘f.) 3
g.{(mZ) &Lt 2_(AL) (4.1)

C

d__ 2y erA - 9 =
gelmre+ &GRe)= g2 =©

where p, the cancnical angular momentum, is & constant of the motion. The
mass, m, though relativistic, is alsoc constant aince the particle velocity,
v, is a constant of the mction. (1.e. A charged body undergces a change

of direction but not of energy in a magnetic field.) Substituting p intc
the first two equations (k.1l) eliminates‘é, and if the independent variable

ig changed from t to z, recalling that
2. - Z "y~ T2
o = v +(|’“P) + 2

the three equaticns (4.1) become

" (hl - At) ' BAO aAo —
*'\"AQ-———— +Aoa—r7~o (9‘__'_2_)

r I« % 3z

where the prime denotes differentiation with respect to z, p has been
allowed to gc to zero, and k is mvc/e.

Equation (4.2) is the trajectory equation fcr an’ electron leaving
4 sourze on the axis in an axially symmetric magnetic field with nmo 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 momente 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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These curves represent the trajectories of two electrons of identi-
cal momentum, leaving a source on the uxis at two angles‘9 and 49'. It
will be noted that the trajectory of an electron leaving the source at the
angle 936’crosses the trajectery of the electron leaving at the smaller
angle, and Intersects the axis closer tu the source. This always occurs;
the larger source ungle paths always intersect the axis closer toc the
source and cross the trajectory of the smuller angle emission at a point
in spuce A. Due to the axial symmetry, the points cf intersection A, for
a family of trajectories, form a surface in space. Any small plece, Az,
of this surface is & 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 8o, to obtain a much more
favorable transmission than would be poseible for axial focusing. This re-
sult wae confirmed experimentally by Pratt, Boley, and Nichols (52), who
actually detected spatial rings by means of phctographic film, and who, by
proper baffles, lmproved their transmiseion by a factor of two over axial
focusing.

Ring 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 york on the instrument ¢f Bradley (U3) (44).
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Alignment and Resolution

While it should ve theoretically pcssible to align a thin lens spec-
trometer purely from considerations of field shape and trajectory, in
practice it 1s much simpler to do so experimentally. This was done here
by placing a source with a pure ccnversion lin; in the spectroumeter and
adjusting the coils and baffles until muximum transmission and resolu-
tion occurred.

137

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

whose decay scheme is shown below.

1

518 kev (95%)

1.18 Mev
(%)
663 kev
1
Y 5257
137 . c e o . .
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 koown to high
accuracy(53).

2) The K and L lines are separated from the 718 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.

5) Cs157 cam be obtained as a carrier free source.
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6) The half life is thirty-three years, so that it is effectively
& permanent laboratory source.

To align the coils, the K conversion line is focused onto the detector,
and the coils are adjusted eystematically 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
transmission.

Then, when maximum transmission occurs for the open baffle setting,
the movable buffles are brought closer together and begin to define an an-
nular opening. This opening can be spatially adjusted by sliding the
paffles back and forth together, along the z axis, until the point of
ring focus is found, and the peak height for the ccnversion line is maxi-
mized. The coils are again adjusted for maximum transmission, and the whole
procesg 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 resclution was cbtained, compatible
with a usable transmission. For purposes of alignment, and as a general
lower limit, Ap/pA* 2%.

Figure 4.1 shows a family of curves of the Csl37 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 1s coil current in arbitrary units ( ~ mo-

mentum) .

The measurements labeling these curves designate the distance be -
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tween measuring pc.nts outside the spectrometer chamber, und the actual
baffle separation is about cne centimeter less. It will be noticed that
a greut decrease in transmission occurs as the resolution is improved.
Alsc, the K and L peaks are not separated until the best resolution is ob-
tained.

There are severul other factors limlting the resoluticn of a lens
spectrometer which deserve mention at this time. These are, in addition
to the finite cpening of the ring focusing baffles, spherical aberration,
source thickness, and source size.

The magnetic field due to the lens coils is not uniform throcughout
the radial range from the axis to the inside c¢f 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 1s the same; & mono-energetic electron source appears
spread out when measured. To a degree, this 1s connected with ring focus-
ing, but it is a ccnstant 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 tou increase his
resolution by increasing the size of the central ring baffle, tnus narrow-
ing the portion of the field avallable to detected electromns.

The ideal source for & 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 (51) 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
cf this laborutory hae 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 resoclution.

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
loss of resolution, due to the lower'energy straggling of & 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 chember). 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 mude between what is de-
sirable, and what is usable. This problem, too, will be discussed further
in the section on ccoincidence 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. OSince e 1s
a constant,

P' = g— = Hp (4.4)

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 & 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 = kI (4.5)
(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 termes of coil current will be established.

For both of the lens spectrometers used in this work, the K con-
version line of 05157 wag 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 - EK)’ the calibraticn values were

found from Equation (4.5) .

Kk - _Bp - 3381 geuss-centimeters
I 1 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 518 kev end-point beta spectrum of
137
Cse wvas measured. This is a well known, once forbidden beta spectrum, /
21/2
of the "unique" type, which necessitates multiplying the Kurie plot by a

in order to linearize the plot, where

a = (wo-W)2 + (W2 - 1) (k.6)
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TABLE III

CALIBRATION CONSTANTS OF THE THIN LENS SPECTROMETERS

Current to focus K in gauss-cm. per
03157 K-line current unit
North Instrument 2.580 1310
South Instrument 1.590 2126

Figure 4.2 shows the beta spectrum and the separated K and L con-
version lines. Figure 4.3 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
at ~ 1.4 mc2 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 follcwed for bcth 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 mechanicul sag of the instrument. This ac-
counts for the difference in peak pcsition between the value recorded a-
bove and Figure 4.3. The former figure is the stable value.

Correction Fectors

1. Finite Resolving Power anthomentum 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 plote N(p) (particles per unit momentum per unit time)vs
P (momentum), or numbers linearly proportional to these quantlities. 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 & pure conversion peak may be very well approxi-
mated by an isoceles triangle. Call the shape of the triangle K(p,p'),
where p' is the momentum of the conversion line electrcns, and p is the

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

shown below.

K(p,p")

»D
p'(1l-w) p' p'(1+w)

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

the instrument, as is t, the transmissicn. Now

Ep,p) = &1 - | E -1 ) ;—f;~.-l|<“
-0 ’_2_ - 1‘ SW
pl
Then ©
n(p) = .I‘K(p,p')N(p')dp' (4.7)

Equation (4.7) can be solved approximately by several methods (44) (54),

2
with the result that, to order W~ (5k)

2 2
1 (p) W 2n( p) dn d )
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Since W™~ 2%, terms higher than WAcan be ignored, and the well-known result

N(p) = n(p) (4.8)
Wtp )

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

N(p) ~ BiR) (4.9)

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

In general, the dfopping of terms of order » W is valid, and it is
only in the case of very poor resoclution that a correction need be made.
In the only case in this work where such a correction would be warranted,
the informetion desired makes it unnecessary (i.e. the coincidence
spectra of the 0.7 Mev end-point beta spectrum of Eulbe).

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 radiocactive decay. This is the well-known decay law

n = noe_'695t/T (4.10)

where n, 1s the original counting rate, n the counting rate after the
time t, and T is the hualf-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 micreoseconds, and any particles entering them within this

period would not be counted. The correction for this type of loss is (55)
R = R'/(l-R'to)

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

t, 18 the dead time. Dead time losses were not appreciable in this work.

(o]




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
& 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 comnstruction of this instrument, we learned of the existence
of similar thin lens coincidence spectrometers in Cgnada and in the U.S.S.R.
The former instrument had ~ 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

29
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181 181
of Hf . The decay of Hf was first described in detail by Cork (58),

and Wiedenbeck and Chu {59), who assigned & decay scheme of the following

form to it.

Ls q - f181
B = 405 kev
22u8

_ T
¥p| 132 kev |
|

| 612 kev < 2%
Y5,
x} 345 kev |
|
480 kev |
Yy ,
|
|

' Yo ilﬁ 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 K1K2 peak and sweeping acroes the L L peak

12
with the other. Then the K K_ peak was swept across with the fixed spec-

12
trometer as before. The results of these runs are shown in Figures 5.2 and
5.3. The sclid curves represent the coincidence peaks, while the dotted
curves represent the conversion lines which were swept across. Due to the
twenty-two microseconds exclted state, these coincidence peaks are inde-
prendent 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

Shreffler's work (37), and confirmed that the ¥ 1 and Y 2 are in cascade.
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The most striking thing about the coincidence peaks with respect to
the normal momenta peaks 1s the greatly improved resolution ( D> a factor
of two in Figures 5.2 and 5.3). This 18 not entirely unexpected, since
Fowler and Shreffler noticed & 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
coincildence narrowing is largely intuifive, since one can nct integrate
the equations of motion of the electron paths. (After considerable effort,
Keller et al. (51) were able tc predict resoluticn, but not line shape.)

Figure 5.4 shows the effect of source size on resolution, using the
Cs157 K and L peaks. Both sources had about the same total activity and
differed only 1n size, one being fcur millimetere 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 1ts relative broadening.

Keeping this in mind, let us examine the manner in which coincidence
data is usually taken. Shown below, schematicallx are two peaks, repre-

North Inst. South Inst.

I Coincidence
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senting coincident conversion elgctrone, as seen by the individual spec-
trometers. The dotted peak is a coincidence peak. Cg represents the posi-
tion of the fixzed counter on point P82 of the spectrum as seen by the south
instrument. Actually one should now integrate over the contribution of each
infinitesimal portion of the source tc 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 beak contalns contributions from the
central (on axis) portions of the source as implied by Figure 5.4. This
being the case (remembering that true coincidences can only come from the
same nucleus), the counter Cs will be more likely to detect true coinci-
dences with Cp when the latter is at position Pn2 than at Pnl’ simply be-
cause the coincident electron will be more likely to be there. (Relative-
ly more coincidences would be expected with Cg at Psl')

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 resoclution.
With poorer individual resolution, each detector would see more of the
line, and one would expect less narrowing. Fowler (36) and Shreffler (37)
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 thicknees also contributes tc the nerrowing of the coinci-
A true coincidence comes about only from events originating

dence peak.

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 ebout 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 Pnl and

P in the sketch above. In that case, while Cn might see the electron at

sl

P Cs would not detect the electron at Psl' This argument leads to a

nl’
rejection of a portion of the scattered electrons and hence a narrowing
of the coincidence peak.

Source thickness will be discussed in greater detall in the section
concerning the limitations of the thin lens ccoincidence spectrometer.

The Hflsl 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,
1
the Hf 81 coincidence data plotted in Figures 5.2 and 5.3 represent the
number of coincidences at the "scanning" detector, divided by the number
of ocounts at the "fixed point" counter.
152,154 _

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 elther 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 cosnic
rays. Due to the small counter volume and large counter separation, one
would expect the effect to be small. This phencmena was measured over a
two day perlod, 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 limitetions of the instrument constructed and
used in this work seems warranted at this point.

The solid angle of the individual spectrometers is rather limited
(~0.3). Since the true coincidence rate depends cn 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 mekes the taking of data a tedious process. An example may be fur-

181
nished from the Hf case.

South Instrument Nerth Instrument Total Coincidences Time

27,713 x 256 counts | 21,741 x 256 counts 2004 counts 33,6008

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 cver twenty-four hours may be required to obtain 15% statistics.

One might expect that by going to stronger sources, and using & 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 instrumeht, 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 sc 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 casea 1t becane necessary to dilute the source to make it
thinner. For this reagson, 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
to the author a quantity of Irlge. This source was highly active, but in
the form of a metullic powder. Since iridium has about the same chemistry
as platinum, it is almost impossible to put into solution. Its boiling
point is > 450C°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 gocd 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 cagse, the use of
scintillation counting techniques might be advantageous to measure life-
times { .25 microsecaonds, even if considerationa of scurce strength
would not warrant it.

Using an instrument of this type, it shculd be posaible, in certain
cases, to measure the ratio of K-L conversion coefficients of gamma rays
whose peaks are obscured by other lines. Suppose we have three gamma rays,
X].Xexj’ where Yl andh/e are in coincidence, but neither is in coincidence
with XB' Further let us assume that the K and L peaks of Xl and b/j over-
lap. Then if coincidences are measured between the K and L lines of 5/1’

and say, the K line of X2’ the coincidence rates will be, for the two

K lines
P ,ke = Nt s%1%ete (5.1)
and
n, = Nopou £, ((5.2)

where N is the scurce strength, n, is the single counting rate for b/e,




Tl

L{N is the solid angle for the instrument measuring ne,uJS is the solid
angle for the other instrument, aKl AND aK2 are the respective K con-

version coefficients, and f2 is some factor lumping counter efficiency, etc.

Then
PK1K2
= (€8]
Similarly:
n
L1K2 _ ) =
__;E;___. = ap e (5.4)

Ignoring any considerations of momentum spectra (i.e. division by I)

Equatiocn (5.3) _ akL
Equation (5.4) ary

from which the multipolarity of an obscured gamma ray might be measured.




CHAPTER VI

152 5
THE DECAY OF Eu ~~ AND Euld%
, 151 5
Natural europium contains two isctopes, Eu g (47.77%) and Eul)3
14
(52.23%), which when subject to thermal neutron bombardment go to Eu 2

154 152
and Eu respectively, by (n,x) 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, Eul52
exhibits a second lifetime of the order of years, as does Eulju. These
lifetimes have been examined macs spectrographically, and by other means,

with results ranging from five tc 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 Eulb Eulpu
Hayden,Reynoclds and 5.3 yra. 5.4 yre.
Inghram
Karaker,Hayden and
Inghram 13 + 2 yrs. 16 + 4 yrs.
Lockett and Thozas* 12.4 + 0 4 yrs (2) 7-5 (%) yrs.
152,154
The radiocactivity of the long-lived Eu was {irst examined

by Cork, Shreffler, 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 alsc examined the Eu152’15u

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 (36). He found thet coincidences existed be-
tween the 123 kev and 344 kev, and the 2hs and 122 kev lines. Considerable
additional work was done by Cork's group, accurately measuring the line
energies and proposing decay schemes (6G) (70). 1In addition, Shavtvalov (57)
noted coincidences between the ~ 0.7 Mev end-point beta spectrum and a
conversion line he assigned to the 336 kev gamma ray; also Katz (71) made
certain isotopic assignments to the gamma rays in disagreement with the
coincidence work of Fowler (i.e. 123 kev to mass 154, and 344 to mass 152) .
Up until the present writing, the state of the Eu152’15h 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, 123, 2k4.3, 336.4, 344, 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-

versicn lines and beta spectra, and between the gamma rays.

Source Preparation
152,154

The Eu used in this work was kindly provided by Professor

J. M. 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 powder, 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 (~ 0.03% 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 ~ 1 cm.
in diameter, which was used to determine the momentum spectruh, and a
strong thin source ~ 1.7 cm. in diameter used for coincidence work.

Beta Spectrum

152,154
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 Cslj7.

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 6.3 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.

Included in the bete spectrum shown in Figure 6.3 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 errcr. With this in mind, a careful examina-
tion of the 244 and 344 kev conversion peaks was made, in order to com-
rare their ereas with Shull's data. In this fashion, it was hoped that
some information might be obtained as to which beta decay they accompenied.
No attempt was made to do this for the 122 and 123 linee due to the large
amount of scattering "tail" in Shull'e data. Unfortunately the higher
energy peaks do not appear to be completely defined in this work, and

poesibly 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,
end agree with the previously measured values within the uncertainty of
this work. For the only clean lines, the values of 24k.0 kev and 344.3
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 posesibility 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 poesi-
bility of scattering. 1In 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 Lines

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 24k K line and the beta back-
ground, due to either of the two higher energy end-point beta apectra.

Coincidences were found between the 3hh-kev K convereion peak and
the continuous beta spectrum of 0.7 Mev end-point. The beta spectrum
vas plotted by coincidence measurements and is shown in Figure 6.5.

While the uncertainties in the individual points are large, the result
appears unamblguous. The coincidence rate for this date 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
~7T00 kev. For a beta spectrum of this type, taken with the baffles wide
open, & 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 336 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 & line would appear
a8 & hump on the low energy edge of the 34k K-conversion 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 2kL4 and 344 K conversion peaks. In egreement with both authors,

coincidences were found between the K conversion peaks of the 122 or 123
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kev (unresolved) gemms and the 2l kev K conversion line.
Coincidences were not found between the unresolved 122+123 kev
gamma ray L peaks and the K peak of the 344 line. This is in agreement
with Katz and Lu (below), but ie in disagreement with Fowler.
These conversion line coincidence results were obtained by noting,
in all ceses, 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 123 kev gamma ray 1s in coincidence with the
24ly kev gamma ray.

2. The 344 kev gamma ray ie in coincidence with the continuous
beta spectrum which has an C.7 Mev end-point.

3. No other coincidences between the beta spectrum and
conversion lines are found.

L. No other coincidences between conversion lines are found.

The Gamma-Gamma Coincidences

2,1
152,154 hee been run by Mr.

The gamma coincidence spectrum of Eu
Daniel Lu of this university, using the crystal summing technique,
which Professor M. L. Wiedenbeck and he developed (73).

The crystal surming 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 & 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 1s re-
run. In this case, the crystal subtends an angle of essentially ix with

respect to the source, and gamma rays which are emitted simultansocusly are

recorded as peaks whose energy is equal to the sum of the individual energies
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of the gamma rays. Thus on comparing the spectra for the source outside
the crystal and the scurce inside, peaks which are in coincidence will
have disappearesd in the latter case, and peaks represented by their energy

sum will have appeared. An illustrative case is shown below.
‘ %

Source outside

/
I
|
|
[
i
|
g
!

a 2 _

£

— ‘l *Kl Kz
Source inside T

"Sum spectrum" Y, 1
Y,

(a) (b)
where (&) 1is the two spectra, and (b) the hypothetical decay scheme which
they represent. Despite the 4n solid engle, the crystal is not one hundred
percent efficient, so that reeidual.xaiandg’a 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. Thie 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, 7{3 at energy
Ej, not being coincident with another gamma ray, is unaffected by the
change of source position. In the case of K-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 6.7 shows the gamma ray epectrum of Eu with the source

outside and inside the crystal. Resolution is =~ 9% at 700 kev. The ordi-
nate is counte per unit time in arbitrary units, and the abscissa, also in
arbitrary units, is pulse height (~ energy). The principle gamms ray peaks
and the sum peaks are identified.

Examination of Figure 6.7 yields the following results:

1. Part of the 122 or 123 kev peak (unresolved) is in coincidence
with an X-ray.

2. Part of the 122 and 123 kev peak is not in coincidence with an
X-rey; hence one is in coincidence with an X-ray, and the
other is not, or vice versa.

3. The 24l4 kev transition appearse to be in coincidénce with an
X-ray. (It disappears completely in the "inside" spectrum,
and hence must be in coincidence with something of low
energy.)

L. The 244 kev gamma ray is in coincidence with 122 or 123 kev
gamma ray.

. The 344 kev gamma ray is not in coincidence with anything

W

(1.e. 1t is unchanéed in the two spectra).

6. A gamma ray is seen ¥ 410 kev, but if any coincidences with
it occur, they are obscured by other peaks.

7. A 720 kev peak occure'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 == 1140 kev.

It will be ﬁoted that 720 + 122 or 123 + 2}, + L7 = 1140,
and that 964 + 122 or 123 + 47 1s also =~ 1140. 1In

these sums, 47 kev is the K-X-ray energy of samarium.
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9. A 778 kev line occurs, but it 1s not in coincidence with anything.

10. A 964 kev line is seen in the normal spectrum. Its partial
dieappearance 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 1in 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 125 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 Asasignments

The following isotopic assignments are made by Katz and Lee (71)
and shall be adhered to in comstructing the decay schemes: the 3ty , 2k,
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 1s confirmed
by the coincidence measurements made here and by information received pri-
vately from E. L. Church (74). Ketz's results are based on enriched iso-
topes, and Church's upon the relative intensity of conversion lines from
bombarded end from fiesion product sources. Church also finds that the
123 line is internally converted in Gadolinium. In addition, Eill and

152,154
Shepherd (63) find no positrons from the Eu g mixture to one part in

four thousand.
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This information, combined with the date described above, allows

152 154
decay schemes to be drawn for Eu and Eu .

Daecay Scheme of Eu152

The decay scheme for Eu152 is shown in Figure 6.8. The 122 and
o4l kev gamma rays are known to belong to the isotope of mass 152. Hence
the 244 kev transition muet be in coincidence with the 122 and not the Laikaf
transition. Since neither the 122 or the 24k kev gammas are in coincidence
with the beta decay, and since they are in coincidence with an X-ray, they
are agssigned to the K-capture branch of the 152 isotope. The quadruple
coincidence of 720, 2k, 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 ite colncidence with the 122 or 123 kev gamma ray &nd an X-ray, fit it
into the scheme as drawn. Intensity considerations lead to the relative
placement of the 122, 2ik, end 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 344 kev gamma ray and the 0.7 Mev end-point beta spectrum has been
established, and no other coincidence with the 344 kev gamma ray is seen.
The dotted transition between the beta spectrum of end-point 300 kev and

the 410 kev gamma ray is tentatively proposed because of the energy fit.

The spectrum of the 9.2 hour Eu192 has been included in Figure 6.8
for the sake of completeness (27).

154
Deceay Scheme of Eu >

15k
The decay scheme for Eu igs shown in Figure 6.9. The coincidence

of the 123 and 1415 kev gamma rays has been demonstrated. However, no

coincidences between the 123 kev gamma ray and elther an X-ray or the
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continuous beta spectrum exists. Since the 123 kev gamma ray 1s converted
in Gdlsh(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
occurring in Eulﬁg, the other in Eulsh. Both the 778 and 410 kev 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 contaminafion caused by other rare earths.

Although no coincidences between the 1116 kev gamma ray and an
X-ray are seen, they would be cbscured 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

> 154
The decay schemes of Eul>2 and Eu 2 have been demonstrated.
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