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BETA - GAMMA DIRECTTIONAL CORRELATIONS

56 148

IN Mn”~ AND IN Pm

By William Michael Greenberg

The theory of beta - decay predicts the correlation between
the emission directions of a beta particle and a subsequent gamma-
ray in the form of series in vwhich nuclear matrix elements of the
beta interaction Hamiltonian are unknown parameters. An experimental
determination of the correlation for a specific isotope is important
for the evaluation of these matrix elements which, in turn, provides

a check on the accuracy of nuclear wave functions,.

For a 1+ allowed beta - decay, only the first term of the
series is usually considered to be finite. This predicts a corre-
lation coefficient, A,, of zero. However, the allowed 2.86 MeV
beta transition in Mn56 has an unusually large log ft value (7.2)
indicating that the first term in the series is reduced by some
nuclear effect. If the higher order terms of the series are‘not
also reduced by the same effect, their contributions will be
enhanced and there will be a finite correlation. Measurements were
made on this isotope giving a coefficlent A2 = «-0,0030 { 0.0011.

This shows that higher order terms do have an observable effect



in this case 2nd must be included in the theoretical description
of this isotope. A check for systematic errors vas made by comparing
the result of the measurement on Mn56 to that for a similar measurement

on T3 wnich gave |a,} < o.0005.

For a first - forbidden beta transition, the first terms in the
series for the correlation function are identically zero. The terms
remaining predict a non-zero correlation coefficient which is a function
of the beta-ray energy. If this functional dependence of the correlation
coefficient is not dominated by the effects of the nuclear Coulomb
field (the g -approximation), the measured correlation can provide

information about the relative magnitudes of the contributing matrix

elements.

Directional correlation measurements were made on the first -
forbidden 1.90 MeV beta transition in the decay of Pm1h8 as a function
of the beta energy from 1.0 MeV to 1.7 MeV. The correlation coefficient
varied from 0.04l + 0.002 to 0.00L4 i 0.017 in this range. The results
of the measurement show that the energy dependence of the correlation
does not follow the g—approximation. This can be the result of mutual

cancellation of matrix elements or of their reduction by nuclear

selection rules.
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CHAPTER I

INTRODUCTION

The Problem

The directional distribution of resdiation from en assemblage of
a large nunber of unoriented nuclei is isotropic, as expected from phys-
ical symmetry. However, consider a two step radiation cascade as shown
in Figure 1, vhere the level from which a gamme transition originates
is populated by beta emission. If the directional distribution of the
ganme radiation is observed relative to e fixed direction of the pre-

ceding beta emission, the gamme distribution mey not be isotropic. That

A
ZXN
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<

24Nt
Fig. 1 -- General decay scheme for the beta emitters of interest. The

spins of the nuclear levels are denoted by I; the total

angular momentum of the leptons, by L; and the angular momen-
tum of the gamma-rey, by l.
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18, there may be sn anisotropic correlation between the directions of
particles emitted in cascade.

The theoretical form of the correlation function depends only
on the angular momenta of the particles involved and on the nuclear
matrix elements of the interaction Hamiltonians. In particular, the
correlation is predicted to be isotropic unless a finite fraction of the
leptons are emitted with a non-zero orbital angular momentum. Moreover,
the correlation can be written, in general, as a function of a product
of two terms, each of which depends on the properties of only one tran-
sition in the cascade.

Since the numerical value of the contribution to the correlation
from the gamma transition can be predicted by theory, a neasurement of
the beta - gamma directional correlation determines the value of the
beta contribution. This information is useful in the evaluation of the
nuclear matrix elements of the beta transition since these matrix
elements appear as unknown parameters in the beta term of the corre-
lation function.

In most cases where the energy of the beta transition is small
compared to the Coulomb energy (¥ ) of the electron at the nuclear
surface, the variation of the correlation with the beta energy observed
is predicted by theory (the & -aspproximation), and is insensitive to
the values of the individual matrix elements. However, vhen the char-
acteristics of the beta transition are such that this approximation is
hot applicable, the energy dependence of the correlation reflects the
relstive magnitudes of the several matrix elements contributing to the

transition.

A beta transition with & log ft value larger than ususal for the
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class (given by selection rules) to vwhich the transition belongs, has a
reduced contribution from the matrix elements which are usually the
largest. Since dominance of these matrix elements is important for the
applicability of the E -approximation, a reduced contribution from these
matrix elements suggests a deviation from the § -approximation. The
first - forbidden 1.90 MeV beta transition in Pxn]'h8 investigated in this
work indicated, by its large log ft velue (9.2), that a determination
of the correlation as a function of the beta energy would be fruitful.

Similarly, the large log ft value (7.2) of the allowed 2.86 Mev
beta transition in Mn>C indicated that the single matrix element usually
dominating decays of this type (the Gamow - Teller matrix element), is
reduced. In an allowed decay, & reduction in the principal matrix
element implies an enhancement of the effects of the matrix elements of
a higher degree of forblddeness. Since the directional correlation of
a decay whose beta transition is generated by an allowed matrix element
is isotropic, any observed anisotropy in the correlation results from
contributions from higher order matrix elements.

The results of other experiments on beta transitlions are related
to the nuclear properties through the same matrix elements vhich deter-
mine the directional correlation. Therefore, the present investigation
of the correlation has a comnnection with these other experiments. Spe-
cificelly, shape factor measurements on the beta transition of interest
in MnS6 (1) hsd an smbiguous interpretation regarding the presence of
contributions from higher oﬂer matrix elements. While a consideration
of the results of the present work is not able to resolve the ambiguity,

it does allow a statement sbout the expected magnitude of contributions

from higher order matrix elements to the shape factor.
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For the case of the first - forbidden decay of Pm~ , no other

experiments have been performed. If data from other types of experi-
ments becomes available, it should be possible to determine the values
of the several matrix elements involved by a sultable computer
analysis (2).

Directional Correlation Experiment

The source - detector geometry for the correlation experiment is
shown in Figure 2. The detector for the beta radiation is held fixed in
space while the geamma detector is moved in the plane formed by the axes

of the two detectors. In essence, the data from the experiment consists

7

e

i
;R/‘e— [ e

Fig. 2 == Source - detector geometry. R = radioisotope; B = beta
detector; ¥ = gamme detector.

of the number of coincidence events (i.e., an event occuxring in each
detector within a short time interval, say 3 ° 10'8 sec.) for each of
several angles, ©. The detection of two events in coincidence is most
probable if both particles originate in the decay of the same ﬁucleus.
The observed correlation is not necessarily isotropic in spite
of the random orientations of the many nuclei in the source (3, p. 165).
Consider the emission of a particle from an isolated nucleus: the prob-

sbility that this particle is emitted in a direction, 9, relative to the
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spin axis of the nucleus is a function of ®. Conversely, if a beta

particle is obaerved in a given direction, there is an anisotropic prob-
ability for the orientation of the nucleus relative to that direction.
Thus, radiations will be detected more often from nuclei in some orien-
tations then from those in others. The anisotropic distribution, rela-
tive to the nuclear axis, of the subsequent gemmea radiation then becomes
observable as an anisotropy of the coincidence rate relative to the

angle between the detectors.

The Correlation Function

For any radiation process, the quantities of interest (electron
momentum, photon direction, etc.) will appear as variables in the matrix
slements of the interaction Hamiltonian between the initial and final

states of the system (including nuclear and lepton or photon fields):

<Y, Fenel ¥, (1.1)

The correlation function, W(®), for randomly oriented nuclel

undergoing a two step decay process is given by (4, p. 1017)

e - S% %;&NZ Y @] Y, ><Y’|Hint(ﬁ)l‘f> (1.2)
S A ML ST AU )

where Hint(B) and Hintcx) are the interaction Hamiltonians for the beta
and gemms transitions, respectively. Intermediate states are repre-~

gented by V¥ and ¥'; S indicates swmation and avereging over all unob-
served quantities, which includes nuclear orientations. The results of
the correlation experiment permit only a determination of the dependence

of W on ©, not the megnitude of W. Therefore, any angle independent
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faectors in an expression for W(Q) can be normalized.

It can be shown that the angular dependence of the type of corre-
lation considered here can be expressed as (L4, p. 1068)

w(e) = Zo 2Ak(ﬁ) A (¥) P (cose) (1.3)

where the Ak's are angle - independent coefficients containing the re-
duced matrix elements of the respective interaction Hamiltonlans.

For the gamma transition, the Ak's are known and are numerically
tabulated in a normalized form as functions of the quantities
Fk(l’ ', I, 1) with Fy = {, wvhere 1, 1' are the gamma-ray multipolar-
ities, and I, If, the nuclear spins (5). Consideration of the beta
portion of the correlastion coefficient, Ak(B), is left to the next

chapter.



CHAPTER II

THE BETA INTERACTION

Introduction

This chapter briefly covers the formalism leading from the inter-
action Hamiltonian for beta emlssion to the observable quantities of the
emltted particles. It will be seen that the role of the nucleus is ex-
pressed in terms of quantities which are independent of the lepton prop-
erties. These quantities are the matrix elements which were mentioned
in the preceding chapter.

Since all of the formalism in this chapter is covered thoroughly
in the literature, no attempt has been made to meke it complete or self-
contained. Its purpose is to present the salient features of the con-
nection between the experiment and the information about the nucleus
which the experiment provides. For the same reason, nothing is said

about the historical development of the present form of the interaction.

Particle Currents (6)

Considering beta emission as a result of the interaction of two

four - vector currents, Jf and J¢ , of the nucleon and lepton fields,

the Hamiltonian density is

A b '
ngoc gL I () L (ed)- SR - ), (2.1)
a=1l a=1

(the term for positron emission is omitted). Here, g represents the

7
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strength of the interaction, a refers to the a-th nucleon, and the delta

function formally imposes a point interaction at the position of this

nucleon, 'ﬁa. The nucleon current is
Lim) = v e, - ¢, %) 242 Y (2.2)
\Yf 28V A®S o "+ 141 *

where ‘ti is the isospin operator which formally changes a neutron into
e. proton, and the "]"s are nuclear wave functions. The combination of
Dirac matrices, p%y, forms a four - vector, vhile 'XSB'X“ forms an axial
four - vector; the C's represent the relative strengths of the two con-
tributions, with CA/CV &2 .1.2. This form for the nucleon current is
supported by observations of free neutron decay as well as by other

experiments.

Similarly, experiments (e.g., electron polarization) suggest

that the lepton current be written as

. e = ¥ Lo e ¥y (2.3)

where V,," is the charge conjugate of the neutrino wave function. The
emission of the antineutrino is treated here as an sbsorption of & neu-
trino of energy -cq (g is the neutrino momentum). The factor iLé(:l. +X 5)
formelly requires that the lepton interaction be proportional to the
left - hend components of the leptons. With the Hamiltonian written
with this choice of currents, it is & combination of scalar and pseudo-

scaler terms which makes the Hamiltonian non-invarient under the parity

operation.

Matrix Elements (7)

The matrix element <‘\P‘ |Hint( B) I'\Yi> of eguation 1.2 is now




proportional to

z z/f FRSE -7
a &

x [Yhc, - ¢, 79 6*45 ¥, ] (2.4)
x[Wra+¥) e %ls]-

The delte function reduces the above to an integral over the nuclear
coordinates, ﬁ: with the electron and neutrino wave functions as
functions of R. These lepton wave functions can be calculated from the
Dirac equation; however, the nuclear wave functions cannot be calculated,
so the integral cannot be evaluated. By suitable approximations, this
integrel can be expanded in a series, each term of which is a product

of a combination of lepton wave function components end of an integral
containing only nuclear wave functions and operators.

The first step is the expansion of the expression for the lepton
current {eg. 2.3) in terms of spherical tensors. This glves a series
whose terms involve successively higher values of lepton angular momen-
tum. Becsuse of the lesser probability of creating particles with
larger values of orbital angular moumentum (because of the smaller values
of the lepton wave functions at the nucleus), this expansion ylelds e
convergent series for the integral 2.h4.

Introducing the non-covariant notation,'a;(-iﬁzi, 8), the inte-

grand of 2.4 becomes

'\Ir*{(cv - ¢, ¥ 2) 5,(ed) + (e - ¢,) ?:a-'.f(eb)} o, (2.5)

where O = -¥;OX . The expansion of the lepton current in spherical

tensors is (7)
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L *
I, = L cm(aa) (1~ Y,) (2.6)
Lmn
and
2T - J)L: cmn(Ra) (1" 8% ) R (2.7)
m
where
-], ~
™ = X <L (m-p) 2 (W)|J@>Y . (2.8)
mo -0, m) 10 |7 (m L, meu

The coefficients CLm and CJInlare combinations of radial lepton wave
functions components containing the dependence on lepton energles. This
expension also contains the information sbout the directions of the
emitted leptons in such a form that equation 1.3 can be written as 1t

is.

The matrix element 2.4 is now

Ej aR \{r“’{(cv - CA'lg) LZm CIm (iL YIm)*
(2.9)
+1 (cv'zf'; - ¢,) J% Crrm (1Laa.'§f]‘m)'"}ri Y,
m

At this point the approximation is made that the lepton wave
functions, and therefore the C's, are constant over the nuclear volume
and they are evaluated at the nuclear radius, R. This leaves only the
nuclear wave functions and the spherical tensor operators in the
integral.

The dependence of the several terms in the remeining integral
on the nuclear orientation can be separated by the Wigner - Eckart

theorem; €.f.,

J& whlys areew) <Yy

L ar (2.10)
=<I (0 I (m) |1 (M)DYTT;D .
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Where, the first factor on the right of the equality is a Clebsch -

Gordan coefficient and the second factor is a reduced nuclear matrix

element.

Observaebles

By using the results of the preceding develomment in the equation
for the correlation function (eq. 1.2), the desired relation between the
nuclear matrix elements and the observable correlation is obtained. This
relation is then regrouped to exhibit the form of equation 1.3.

A convenient formulation of the observaeble phenomena for beta

transitions is given by Morita end Morita (8). The correlation function

is given by them as

we) = I T wrriniskr) ek,
k =0, 2" L§L' vort (2.11)

X Fk(l, L, I I) Pk(coso),

where the gamma transition is assumed to be a pure multipole, and w 1is
a Racah coefficient. The lepton radial wave functions and the nuclear
matrix elements, whose tensor ranks are denoted by L, L', are grouped in
in the b's which are called the beta particle parameters. The shape
factor for the beta spectrum is given by the term in brackets in equation
2.11 with k = O,

The particle parameters presented in reference 8 are those for a
first - forbidden transition. Formulae for these.parameters for an al-

lowed. decay including contributions from higher order matrix elements,

are given by M. Morita (9).



CHAPTER III

EXPERIMENTAL METHODS

The Apparatus

Directional correlation measurements were mede with an automated
beta ~ gamma scintillation spectrometer. The radiation detection and
angle - measuring portion of the apparatus is disgramed in Figure 3.

A megnetically shielded Harshaw Integral Line 3" X 3" NaI(T1)
seintillator mounted on a support which is pivoted about en axis through
the center of t?e source forms the gamma detection system. This system
provides a directional selection and, with the associated electronics,
an energy selection of gamma-rays. The energy resolution of the gamma
spectrometer is esbout T% at 660 keV. A 3/4" lead shield around the
crystal side reduces gama-ray scattering. The wall of the vacuum cham-~
ber and a lucite aisk, vhich is placed on the face of the detector,
prevent beta particles from entering the gauma scintilletor. The angu-
lar position of the gamma detector is changed automaticelly by a motor
which is controlled by the timing circuitry.

To avold scattering and attenuation of the beta radiation by the
air, the source is mounted in the center of a cylindrical (5" diemeter
by 7" high) vacuum chember. The eluminum wall of the chamber is thin
enough (1/16 ") to avoid apprecleble sbsorption of the gamme radiation.
An inner lining of lucite minimizes scattering of beta particles from

the wall of the chamber.

The bete scintillation detector is mounted in the wall of the
12
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Fig. 3 -- Schematic diagram of the correlation apparatus (not to scale).
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vacuum chamber and consists of a plastic scintillator of sufficient
thickness to stop the most energetic beta particles from a glven source

. 1
(0.63" for Mnss, and O.40" for Pml"8

). A tapered lucite light pipe
couples the scintillator to a photomultiplier tube. At 632 keV, this
arrangement has an energy resolution of sabout 18/. An aluninum mesk is
mounted on the front surface of the scintillator to prevent edge effects.
This makes the effective detector aperture 4.6 cm in dlameter.
Although the thinness and low Z of the plastic scintilletor

results in a very low gamms detection efficiency for the beta detector,
| there is e small garme - gamma coincidence background vwhich must be con-
sidered. The asymmetry snd extent of this background is measured with
the beta detector shielded from the bete radistion by an aluminum shield
and the beta - gamma asymmetry is corrected accordingly.

Some of the RnlhB sources had an intense low-energy beta radi-

ation (€ 0.23 MeV) from the Pm]'h'7

terget isotope (see section on

sources). To prevent this radiation from reaching and overloading the
beta detector system, & 5 mil aluminum sbsorber weas placed on the face
of the beta scintillator. The effects of this absorber are negligible
for the radiation in the energy range of interest (? 0.90 MeV), as can

be seen by comparing the conversion electron line in 31207

with end
without the sbsorber in plece (see Fig. 4). The slight increese in gain
with the absorber in place is the result of an increased light collection
efficiency because of the reflectivity of the sgbsorber,

Pulses are fed from the phototube bases through preamplifiers

*
into a Hemner transistorized modular fast coincidence system. This

system consists of double - delay - line amplifiers, single - channel

Hemner Electronics Co., Inc., Princeton, New Jersey.
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pulse height analyzers, and fast coincidence units. The pulse height
analyzers serve the dual purpose of energy selection and production of
timing signals from the cross-over point of the doubly - differentiated
emplifier pulses. Resolving times of 20 nsec. can be obtained with this
system without apprecisble loss of coincldence efficlency.

Pulses from the phototube base of the beta detector are also
brenched into the low - level input of a miltichannel analyzer. The
analyzer is operated in a coincidence gated mode with gating palses pro-
vided by the ‘Hamner coincidence system for a broad region of beta
energles. This broad energy region is selected by one of the single -
channel pulse height analyzers. Use of the multichannel in this msnner
permits a simultaneous measurement of the coincidence rate at several
beta energies. A second pulse height analyzer in the beta channel is
used to measure the colncidence rate at & beta énergy window which 1s
varied from run to run. This provides a supplementary measurement to

that from the multichannel analyzer. (A block diagrem of the electronic

module interconnections is shown in Figure S5e)

Source Preparation

The samples of Mns6 were prepared by irradiation of natural
metallic manganese (100% Mnss) with thermal neutrons in the Ford Nuclear
Reactor at The University of Michigan. Irrediation times varied from
5 to 10 minutes at a thermal neutron flux of sbout 2 * 1013 cn? sec™t.
Helf life measurements and gamma spectra estab.lished the radiochemicel
purity of the samples, The NeI(Tl) gamma spectra gave gemma-ray energies
which sgreed with those quoted in Nuclear Data Sheets (10).

Promethium - 148 was prepared by two methods: 1) proton
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bombaxdment of Ndlha; and 2) thermal neutron irradiation of PmluT. The
l\ldlh'8 (p, n) Pxn]'u8 production was done at the Oak Ridge Cyclotron Labora-

tory. Separation of the Pm]'h'8 from the target Nd.lh8 was carried out at

The University of Michigan by cation - exchange resin - column methods.
Carrier - free Pmlll'7 (Tl/2 = 2.5 y.) was obtained commerclally

and irradiated with thermal neutrons in batches of 5 mCi in the Ford

Nuclear Reactor for periods of 6 days. Each irradiation ylelded about

0.5 mCi of Pmlus. No observable amount of Pmlhg was produced by double

neutron capture. The NaI(Tl) gamma spectra of F’mll"8 were in essential
agreement with those given by Bsba, Ewan, and Suarez (11).

The ratio of the 5.4 day to the 41 day (isomeric) activity was
approximately 2 : 1. However, as can be seen from the decay scheme (see
Fig. 9), no interference with the measurement on the cascade of interest
in the ground state decay is expected from the isomeric decay.

Working semples of all radioactive materials were deposited on
1/4 mil mylar films which were supported by a one inch diameter alumi-
num ring. Manganese sources vere deposited by vacuum evaporation of the
metal or by drying manganese chloride solution on the filme. All other
isotopes were deposited by the drying method and covered with a Zapon
or second mylar film.

For the Il3l sources, it wes ;ecessary to form silver iodide -
131 on the mylar film to prevent sublimation of the iodine in the vacuum
chamber. This was done by adding silver nitrate to the sodium iodide -
131 on the mylaxr film.

The source densities were not critical because of the high

energy { 2 0.5 MeV) of the beta particles investigated. The sources

vere, however, reasonebly thin with estimated densities of 0.2 mg / cmz.



19

Source diameters were sbout 1 cm.

Data Collection and Processing

Data was taken with the garms detector stopped af angular po-
sitions of 90°, 180°, and 270° with respect to the direction of beta
detection. After each counting interval (5 to 30 minutes), the dete was
automatically printed out and the gamma detector was moved to another
angle. The data consisted of beta and gaxma singles counts, from the
single - channel pulse height anslyzers; coincidence counts, from the
coincidence units; and the beta coincidence spectrum, as fecorded in the
multichannel analyzer. All data was transcribed onto punch-cards for
processing by electronic computer.

The recorded coincidence count for each data point was corrected

by subtracting chance coincidences, as computed by

N(chence) = (21 / T) N(g) N(¥), (3.1)

where, 2t 1s the resolving time of the coincidence unit; T is the
counting time for the data point; N(p) and N(¥) are the recorded number
of beta and gamma singles for the time T, respectively.

After the chance coincidences were subtracted, the resulting
true coincidence counts were normalized by dividing each by the corre-
sponding gamme singles count. This normelization corrected for any
spatial asymmetries in the source and for the decay of the source. The
spatial source asymmetry, which was computed separately from the gamma
singles counts, averaged to less than 0.1% for any serles of measure-

ments.

The beta - gamma coincildence asymmetry was computed from



n t( 180°)
AB.8= n—%%r—omry -1, (3.2)
B

where nB.G(O) is the true, normalized coincidence count at the angle O.
This asymmetry was computed for each pair of date points, averaged, and
the standard deviation computed. For the coincidence data from the
multichannel analyzer, where the count per data point was small, the
true, normalized coincidence counts were also summed for each energy
(channel) and angle for the entire run. The asymmetry was then com-
puteé. from these sums and compared to the asymmetry as computed by the
first method. For the lowest energy points (which have the highest
number of counts), the asymmetries computed by the. two methods were in
substantial agreement.

Measurements of the gamme - gamma coincidence background
asymmetry were made by the same procedure followed for the beta - gamma
asymnetry, but with the beta shield in place. In order to determine
the extent to which this geamme - gamms background contributed to the
measured beta - gamma asymmetry, the coincidence rate was measured
several times with the beta shield alternately in place and removed,
other experimental conditions remaining the same. The measurement of
these coincidence rates was repeated for different positions of the

ganma counter asnd at the beginning of each beta - garma correlation run.

The ratio

s = Ryy/ Bgy (3.3)

wes computed from these coincidence rates; where, Ryy is the rate with

the beta shield in place, and Ra.‘ with the beta shield removed. The
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beta - gamma asymmetry was then corrected for the background gamma

gemna asymmetry by
AB.'(true) = T—]_;—s- [Aat(measured) -8 A”(measured)] , (3.4)

where Ayy was computed by the same formula (eq. 3.2) as AB“'

With equation 1.3 written in a normalized form as
w(e) =1 + A(B) AE(‘K) P,(cose), (3.5)

the bets - gamma correlation coefficient is given in terms of the

asymmetry as
2 .l\E 7
B
The finite solid angle of the particle detectors results in a
measured correlation which is attenuated from that which would be
measured with point detectors. It can be shown (12) that this solid

angle effect gives an observed correlation of
(o) = 1 + qy(B) Ay(B) Q(¥) A) P (cos0), (3.7)

where the Q'zs are attenuation factors (€ 1) for each detector. Conse-

quently, the true correlation coefficient is given by

2A
_ 1 Y
AP0 = B R 3+ Aoy (3.6)

Attenuation coefficients for the gammea detector vere obtained
from the work of B. Herskind and Y. Yoshizawe (13). For the bete
detector, the attenuation coefficient was calculated from the solid

angle subtended by the detector assuming 100% detection efficiency which



22
is justified by the thickness of the scintillator and by the shielding

against edge effects. The attenuation coefficient 1s given by (4, p.
1193)

Q2(B) = % cos® (1 + cose), (3.9)

where © is the half-angle subtended at the source by the detector.
Previous considerations (14) have shown thet the errors introduced by
assuming a point source are negligible for this particular experimental
arrangement.

For both the Mn56 and the Pmlh8 measurements, the plastic.scin-
tillator apertures were 4,60 cm in diameter and at a distance of 7.0 cm
from the source. This gave a solid angle correction factor for the beta
detector of Q,(B) = 0.926 ¢ 0.010.

The gamma scintillaetor was 10.0 cm from the sources, with
Q2(‘X) = 0.935 ¢ 0.005 for Mns6; and Q,2('6) = 0.931 ¢ 0.005 for Pmlhe.

The total ettenuation factors were them 0,867 for Mn56, and 0.931 for

Pmth.



CHAPTER IV

MANGARESE 56

Introduction

The expansion of the matrix element of the beta interaction

(eg. 2.4) in a series in terms of increasing lepton anguler momentum
(eq. 2.9) contains terms which allov for any change of muclear angular
momentum and parity. Ordinarily, only the non-vanishing terms with the
lowest lepton orbital angular momentum are retained. However, if there
is some selection rule operstive that reduces the magnitudes of these
lowest order terms, then it is necessary to consider higher order terms
in the expansion.

For an elloved beta transition, the terms that are retained in
the expsnsion (2.9) are those generating no muclear parity change end
no lepton orbital anguler momentum. The reason for the last condition
18 one of magnitudes and must be dropped to allow retention of terms of
non-zero orbital angular momentum in special cases. These additional
texrms, then, represent higher order contributions to allowed tran-
gsitions. Second - forbidden transitions also permit no nuclear parity
change, but do require orbital engular momentum for the leptons. In
this spirit, higher order contributions to the allowed transitions are
called contributions from second - forbldden decay, although the matrix
elements governing true second - forbidden transitions are not reteined

because of'their lesser magnitudes.

Reduction of the magnitudes of the lowest order terms governing
23
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a transition should be manifested by a log ft value which is larger than
usual for the class to which the trensition belongs. This is the case
for the allowed 2.86 MeV beta transition in Mi’C (see Fig. 6) which hes
a log £t value of 7.2, whereas alloved decays usually have log ft values
in the renge 3 - 6. This might be understood by assuming that the
matrix element usually governing an allowed decay of this type (o - ig)
= I‘E) 1s reduced becsuse of a change in the | - value of the trans-
forming neutron: pg /2 —* f7 /2 (L - forbiddeness) (15). If the higher
order terms are not also reduced by the same selection rule, their
contribution may be observable. A

With contributions from higher order terms and, therefore with
leptons of non-zero orbital angular momentum, there will be a finite
A2( B) term in the beta ~ gamna directional correlation function. A
measurement of this correlastion will then show a small deviation from
isotropy. Similarly, contributions from higher order terms will make
the shape factor (C) dependent on electron energy. The energy spectrum
of the beta particles should then show a deviation from statistical
shape. For both the beta - gamma angular correlation function and the
beta energy spectrum, the largest terms of the new contributions from
the higher order matrix elements will be in the form of interference

products between the allowed and second - forbidden - type matrix

elements.

Previous Work

The beta spectrum shepe factor can be expressed in a general

form as
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. c(w)=1+aw+b/W+cw2, (4.1)

vhere W is the electron energy (in units of the electron rest mass
energy, moca) end a, b, and c are energy - independent coefficients
whose magnitudes ere small compared to unity. Because of the small
megnitudes of these coefficients, most alloved and several first -
forbidden beta spectra can be fitted wvith an energy - independent shape
factor, C(W) = 1.

Deviations from statistical shepe (i.e., an energy - dependent
shape factor) have been observed in several accurate measurements on
various isotopes (16). A definite deviation from allowed shape has
been observed in the high - energy beta decays (woz 33 moca) of }31'2
and N12 (17, 18). For these isotopes, the effect can be understood on
the basis of the conserved - vector - current (cve) theory (19). How-
ever, deviations of beta spectra from statistical shape have also been
observed for allowed transitions with low - energy endpoints (wo ~
2 -5 mocz). In general, the coefficient a 1s small eand ranges from
0.00k to 0.0k. A striking shepe factor anomely has been observed by
the Indiana group (1), who find thet most of their well - messured bete
spectra can be fitted by an empirical shape factor of the form c(wW) =
1+b/W. The coefficient b is positive for both negatron and
positron trensitions, and of the order of 0.2 £ b¢ Ol

Several attempts have been mede to measure asymmetries in beta -
gama directional correlations involving allowed beta transitions. In

most cases, the experimental accuracy was such that only an upper limit

x
For s sumary of shape factor messurements, see for instance
Teble T in ref. 16 end p. 1388 in ref. 20.
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of 0.1% could be put on the anisotropy. In Na.22, 0056, Mn56, and 'I'b160,
anisotropies up to a few percent have been reported (21 - 23).

Contrary to an earlier measurement of Mns6, where an isotropic
correlation was reported (24), a relatively large asymmetry of 2.2 %
was observed by Lobashov and Nazarenko (22). But when Howe, Langer,
Spejewski, and Wortman (1) performed a very accurate measurement of the
beta spectrum of the transition of interest in this isotope, they
found the distribution to be essentially statistical with no positive
evidence for a contribution from higher order terms. Nevertheless,
their data was such that those authors could fit the spectrum with a
shape factor, C(W) = 1 + 0.3 / W. If there is such a deviation from
statistical shape which is caused by higher order terms, the directional
correlation should show & small anisotropy. But the magnitude of the

anisotropy reported in reference 22 is rather surprising. Becasuse of

this inconsistency, a careful investigetion of the beta - gamma

directional correlstion in Mns6 was undertaken.

Measurements and Results

The beta - gamma directional correlation of the 2.86 MeV B ==
0.845 MeV ¥ cascade in Mns6 (see Fig. () was measured at average beta
energies of 1.3 MeV and 2.3 MeV with energy ranges of 0.3 MeV and 0.7
MeV, respectively. Altogether, 80 runs were made with about 28 dats
points per run. A total of lO6 true coincidences were accumilated
for each gemma detector position and for each energy range.

The lower energy range was chosen to have & gamms - gamms,
background which was large enough to allow a good measurement of its

asymmetry and of its contribution to the measured beta - gamma
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correlation. In the lower energy range (1.10 € EB\( 1.40 Mev), this
gamma - gamma background was 5% of the total coincidence rate and hed
an asymmetry of Agg = +0.329 ¢ 0.008. In the higher beta energy
range (2.16< EB & 2.86 MeV), where only the weak 2.52 MeV gammae
transition contributes, thé gemma - gamma background was only 0.3% of
the total coincidence counting rate and had an esymmetry of A“N +0.1.
The accuracies of the measured gamme - gamme background were limited by
the low counting rates, particularly in the higher energy renge.

The measured beta - gamme asymmetry was positive in the lower
energy renge, which was expected since the large positive gemma - gamma
background asymmetry contibuted strongly in this range. However, the
measured beta - gamma asymmetry was negative in the higher energy range
in spite of the positive, albeit weak, contribution from the gama -
gamma background (see Teble I, column 2). This negative beta - gama
asymnetry could not have come from the gamme - gamma background since
any contribution to a measured asymmetry from a positive asymmetry
background tends to meke the measured asymmetry positive. From the
correction formule for the gamma - gamme background (eq. 3.4) with
A-“. (E = 2.3 MeV) & +0.1 end s &2 0.003, the measured beta - gama
esymetry would appear positive (= +0.3 ° 10'3) if the actual beta -
gemma asymmetry were zexo.

The correction for the gamms - gamma background in the higher
beta energy range emounts to 5 Aqy®+0.3 * 10-3, and is neglected
since it is within the experimental error of the measured beta - gamma
asymmetry in this range. The value given for the true beta - gama
asymmetry in the lower energy range has been corrected for the gamma -

germa background. But this beta - gamma asymnetry serves mainly as a
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check of consistency since the beta - gamma asymmetry 1is completely
masked by the gamma - gamme asymmetry in the actusl measurement.
Nevertheless, it is reassuring that the value obtained for the true
beta - gamma asymmetry in the lower beta energy range is not in dis-
sgreement with the value cbtained in the higher energy range.

In order to be certain that the asymmetries measured were not
due to systematic errors, a check measurement on the allowed 0.606 MeV
B -- 0,364 MeV ¥ cascade in I131 (see Fig. 7) was made after 4O runs
had been completed on the messurements of Mn56. Again, two beta energy
ranges vere selected: 0.40 EB\< 0.50 MeV and 0.50 Ea € 0.60 MeV.
All other experimental conditions were the seame as for the beta - gamma
correlation messurements on Mn56. The change of nuclear spins and
parities in the decay of 1131 are in sgreement with the requirements
for its classification as an alloved decay, so the beta - gemma direc-
tional correlation for this cascade is expected to be isoiropic.

A total of lO7 true coincidences were accumlated in the meas-
urement of the correlation of the cascade in 1131. The measurements
gave the vanishingly small asymmetries of 0.0001 ¢ 0.0003 and 0.0002
4+ 0.0007 for the two respective energy ranges, confirhing the proper
alignment of the experimental apparatus.

After the check measurements on Il3l had been completed, the
nmeasurements on Mn56 were continued in the upper energy range. The
results of this second set of measurements arein agreement with those

of the first set of 40 runs (see Table I).

Conclusions

From the beta - gamms directional correlation neasured in this
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work, it is possible to estimate the effects of the second - forbidden -
type metrix elements on the shape factor for the beta spectrum. A re-
lation between the beta - gamma directional correlation and the shape

factor can be obtained by using the formulations of Morita (9) for

these quantities.

The directional correlation coefficient Az(ﬂ-'G) = A2( 8) Ae(")

of equation 3.5 is given by

a6 = I 22 /(10 (8.2)

for a 3+ (B) ot ) oY +transition. The spectrum shape factor is

(W) = -\/—3_ v{9), (4.3)

Particle parameters (see Chapter II) are denoted by the b's. By di-
viding the expression for the particle perameters by the square of the

Gamovw - Teller matrix element, (13)2, these parameters can be expressed
in terms of the ratios of interfering second - forbidden - type matrix

elements to the Gamow - Teller matrix element:

i (0) ,
___(\/_%:1.;_]2;1_=2CA2{1.0[-—§-q(%qv+x-u)]
g

(bobs)"

SHTTEp |

and

W= {lelq(v+y)+2x-u]
(4.5)
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+ Ny (3y - v)} s (b.5)

where

X = 1_[35"1"'/]_0'

=1
L}

c
E-X-I?XT/J?

[e:°/ ]=

The terms LO, NO, le, and Na are combinations of leptqn radial wave

(4.6)

y=[@® /|7 v

function components; g is the neutrino momentum. Terms involving the
second renk tensors of true second - forbidden transitions have been
neglected.

As they stand, there are four unknown parameters, x, ¥y, u, and
v, in equations 4.4 and 4.5. However, certain relationships between
the matrix elements reduce the number of parameters to one. By

assuning uniform nuclear matter (9),

<

Q
e

=3

vy = 2R, (5.7)

vhere R is the nuclear radius (3.1 ° 1073 Al/3 (_E__) ) and is a
7y © "

model - dependent parameter. The CVC theory (19) glves the relations

S b7

C ._M— > (]*08)

>

where, M is the bare nucleon mass, 1836; Cy / C, = -1.19. The gquantity

Ais givenby A S 1 + (wo - 2.5) Al/3 / z = 1.62.

The expression for A2 is dependent on the electron energy

through the neutrino momentum, q = WO - W, and through the terms LO,

NO’ L12’ and N21 which contain electron wave function components. If
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electron radial wave functions computed for a finite nuclear charge
distribution were used to evaluate the latter expressions, it would be
impossible to exhibit the energy dependence of A2 in an explicit manner.
Therefore, the approximations given by Morita (9), including terms up
to (0(2)2, have been vsed. The usual Konopinski - Uhlenbeck approxi-
mation cannot be used here since it gives results vhich differ by
several percent from those given by the more nearly exact expressions
which include finite de Broglie wavelength effects (25).

The equations for A2 cen now be solved for the nuclear paramn-
eter, N . This parameter is displayed as a function of A2 in Figure 8
for a beta energy of 5.5 (moce) which is the average beta energy for
the upper energy range of tﬁe correlation measurement on Mn56. The
value of the measured correlation coefficient is shown with error bdbars,
indicating a renge for the possible values of 7| which would be in
agreement with the measured correlation.

Since the shape factor also depends on m , the range of values
of M which are compatible with the measured correlation limits the
possible forms of the energy dependence of the shape factor. The
coefficients a, b, and ¢ of the shape factor (eq. h.i) are given as
functions of N by grouping the terms of equation L.4 on the basis of
their dependence on the electron energy. These coefficients are pre-
sented in Figure 8 as functions of A, end, therefore, as functions of
12 also. As can be seen from this figure, a positive coefficient,

b & +0.3 cannot be reconciled with the very small negative correlation
observed in thé present experiment. But the order of magnitude of the
s coefficient which has been observed in low - energy allowed tran-

sitions is in agreement with a small negative asymmetry.
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As can be seen from Figure 8, a shape factor which would be
consistent with the beta - gemma directional correlation measured in

this experiment should be of the form
c(W) =1 + 0.0k W - 0.01 / W. (4.9)

The energy dependence of a shape factor of the above form may be too
small to be experimentally observed in the limited energy range
available for an accurate beta spectrum measurement on the transition

of interest in Mn C.



CHAPTER V

PROMETHIUM 148

Introduction

Tn contrast to allowed decays, where any observable beta - geamma
directional correlation arises from the contribution of interference
products of allowed and second - forbidden - type nuclear matrix ele-
ments, the correlation in a first - forbidden decay is governed by the
squares and cross products of the predominant matrix elements them-
selves. Thus one finds that the correlation involving first - forbidden
transitions is larger than any correlation involving an allowed tran-
sition, and cen be of the order of 102 t0 1071,  Furthermore, the

correlation is usually large enough to be measured as a function of the
beta particle energy.

If the endpoint energy of the beta transition is large compered
to the Coulomb energy, the correlation, messured as a function of beta
particle energy, can provide information sbout the relative values of
the possible six matrix elements which can contribute to the transition.
If the endpoint energy is not large compared to the Coulomb energy, the
correlation will vary with the beta particle energy as p- / W (the §
-approximaxion), where p is the electron momentum and W is the electron
energy. In this case, the data for the correlation can be used to
determine the values of linear combinations of matrix elements rather
than the values of the matrix elements themselves. However, in the

latter case, a reduction of the values of some of the matrix elements

37
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or & near mutual cancellation of some of the matrix elements can lead

to a reduction of the coefficient for the p2 / W term in the function

for the correlation coefficient. This can give rise to an energy de-

pendence of the correlation vwhich, again, can be useful for the deter-
minstion of the values of individual matrix elements.

The 1.90 MeV bete transition from the ground state of Pmlb'e (see
Fig. 9) would be expected to exhibit the typical features of a tran-
sition which is described by the § -approximation since § > W,, with
E = 13.4 and Wy = 4.7. However, the log ft value (9.2) is somewhat
higher than usual for a non-unique first - forbidden transition. This
suggests that the usually predominating metrix elements for a 1”7 decay,
¢i%) and (G x £), might either be reduced by a nuclear selection
rule or by cencellation. In either case, the directional correlation
should show a deviation from the p2 / W dependence of the ¥ -approxi-
mation (26).

Tt is interesting to note that vhen Beba, Ewan, and Suarez (27)
studied the spectrum shape factor of the outer 2.45 MeV beta tran-
sition in Pmlhs, they concluded that both cancellatlon and selection
rules were operative. They ascribed the rather large log £t value (9.2)
to a reduction in the size of the nuclear metrix elements and the large
shape factor to a cancellatlion effect.

The same authors (28) performed a beta - gamms directional
correlation experiment on the 1.90 MeV B -~ 0.550 Mev % cascade in
Pmlhe. They report an anisotropy of less than &5 for sn integrel meas-
urement over a beta energy range of 1.5 MeV to 1.8 MeV. From this they

conclude that the 1.90 MeV beta transition is not unique since a unique

transition would produce a larger anisotropy. This confirmed the
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assignment of & spin of 1 to the ground state of Pm .
Thus it appeared that the determination of the beta - gamma
directionel correlation as a function of the beta energy for this cas-

cade would be useful for the eventual determination of the nuclear

matrix elements of the beta transition.

Decey Scheme

Extensive investigations of the decay of Pmlhe (28 - 31) have
established the decay scheme shown in Figure 9. The gamna-rsy ener-
gies and intensitles showvn in this figﬁre are those determined during
the course of the present investigation. The energy and intensity
measurements on the gamma-ray transitions were made with a L cm2 X 0.5
cm Ge(Ii) spectrometer with Y88 (898.0, 1836.1 keV) and N322 (1274.5
keV) used as calibration sources (32). Corrections were made for non-
]inearities in the spectrometer system and for detector efficiency (33).
The energles given in Figure 9 are to within + 1 keV and the inten-
sities are to within ¢ 15%. These results are in substantial agree-
ment with those given by Baba, et al. (28). The electron conversion
coefficients and the strength of the isomeric transition (T7%) as given

by those authors were used to supplement the information obtained from

the Ge(Li) spectrum.

The svectrum of Pmm8 taken with the sources used for the meas-

urements on the beta - gamua directional correlation is shown in Fig-

ure 10. The peak at 122 keV is from the gamma transition in the

Pmlu7 target material. The peak at approximately 76 kev is from the

isomeric transition in Pm}ug; the 68 keV gamme peak from the seme

{someric transition was obscured in the Compton background.
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Directional Correlation Measurements

The beta - gamma directional correlation of the 1.90 MeV B ==
0.550 MeV ¥ cascade was measured as s function of the beta energy in
the range 0.82 MeV to 1.69 MeV.. Inspection of the decay scheme (Fig.
9) shows that there should be no interference from either a gamma, -
gamua coincidence background or from another beta - gamme cascade if
the beta energy in the cascade of interest is selected above 1.0 MeV.
This absence of interference is confirmed by the linearity of the
Fermi plot (Fig. 11) and by the lack of any measureble gamms - gamma
coincidence background with the beta detector shielded from the beta
radiation.

Simultaneous measurement of the correlation for 9 beta energies
in the range indicated was made by use of a multichannel anslyzer op-
erated in the mode discussed in Chapter III. At the same time, an
additional single - channel analyzer -- colncidence unit combination
was used to measure the correlation for a beta energy window of 0.2 MeV
with different average energies for each run. This provided a cross
check on the performance of the gating circuits of the analyzer and a
confirmation of the energy variation of the correlation as calculated
from the multichannel analyzer data.

A total of 24 measurements were made on three different Pmlus
sources. The total true coincidences ranged from 120 - 105 to 12 -
lO3 per angle per energy point over the energy renge investigated. The
ratio of true - to - chance counts varied from 2 to 24 depending on the

initial strength of the sources.

The results of the measurements are summarized in Figure 12 and
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Fig. 11 -- Fermi plot of the multichannel analyzer beta spectrum of
Pm]'h8 (5.4 d.) in coincidence with the 550 keV gamma tran-
sition with chance coincidences subtracted (X). The 0.99
MeV beta transition (0) appears after subtraction of the
1.90 MeV beta component.
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in Table II where the coefficient A2(B-1ﬁ has been computed from the
measured asymmetry and corrected for solid angle effects. The results
of the measurements from both the multichannel and single - channel
analyzers are presented with the aversge energy for each point. The

coefficient A2(3;1) is that appearing in the equation for the corre-

lation function

W(e) =1 + Ag(ﬁ-3) Pz(cose) (5.1)

and is equal to the product of the correlation coefficients for the

beta and gamma radiations:

A (B-¥) = A (B) A(¥)- (5.2)

The 2+ &) O+ radiation observed in the cascade of interest is a pure
electric quadrupole with Azﬁy) = -0.5976, as given by theory. The
coefficient Ae(s) has been computed from the above relation and 1s also
presented in Table II. Since the gamma - gamms interference was at
most 5% of the counting rate for even the lower beta energy points, no

corrections were made for this background which is within the exper-

imental error for these points.

Conclusions

It is evident from the results of the measurement that the € -
approximation does not describe the energy dependence of the corre-
lation coefficient, AE(B)' This can be seen even more clearly by con-

sidering the reduced correlstion coefficient, which is calculated

from

€,(B) = Ay(p) W / (A, p2). (5.3)
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This reduced coefficient is presented in Table II and displayed in
Figure 13. If the correlation had followed the p2 / W dependence of
the E -approximation, € 0((3) would have been a constant. The function
xa(w) is a Coulomb correction factor and is tabulated by Kotani and
Ross (34) along with another Coulomb correction factor, xl(w).

If the electron radial wave functions are simplified by the use
of the Konopinski - Uhlenbeck approximation (26), the reduced corre-
lation coefficient can be written as (4, p. 1094)

R,+ (A, /N)eW
€,(8) = —ar— (5.4)

vhere, R3 and e are energy - independent combinations of nuclear matrix
elements; C{W) 1is the beta spectrum shape factor; and Rl / %2 is a
nearly constant ratio of Coulomb correction factors, Al / hz ~ 1.

The shape factor may be considered to be constant to allow for
a rough evaluation of the results of the measurement. This assumption
is supported by the linearity of the Fermi plot of the beta transition
(Fig. 11) investigated. With this simplification, the expression for
the reduced correlation coefficient becomes a linear function of the
beta energy. The line in Figure 13 1s a least squares fit to the data

points of the expression

€, (B) = Rg/C)+(n /N,)(e/C), (5.5)

with (R3 / €) = -0.103 % 0.007 and (A / N (e / ¢c) = +0.024 ¢

0.002.

In the modified Bij-approximation (4, p. 1100), the second rank

tensor matrix element is assumed to be relatively large and the



50

« £8x5ua 813Y SA
19 S8 o

wm_ nd” | Wm\
-
W\

b~

-

ug X0J JUSTOTII00 UCTIBTILIOD 833Q PIdNP3Y == €T "31d

t

l*li

.ln.|




51

expressions for R3 and e become

R, = -0.342z, Y, end e = -0.0348 (22)2 (5.6}

where the matrix elements are denoted by the parameters

2, =Gy 1842
and (5.7)
- - % - A
Y, = +RCV<°(> -k'g(Cv(if) +CA(0xr>)
vith R, the nuclear radius.

The dissgreement in the signs of the experimental and theoret-
ical velues for the energy coefficient, (e / C), can be taken to mean
that the modified 3 i J-approm'.mation does not describe this beta tran-
sition. That is, the matrix elements &y, {i%Y, and (G x 2> are
small, but not zero for this transition. Here sgain, it appears that
both the cancellation of matrix elements and selection rule effects
are operative.

Thus the correlation measured in this investigation will be
useful for the determination of the velues of the individual matrix
elements. Unfortunately, the directional correlation data alone is not
sufficient to allow a determinstion of these matrix elements. Measure-
ments on the shape factor and on the beta - gauma circular polarization,

for example, would be necessary to provide data for a computer search

for possible values of matrix elements.
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