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ABSTRACT

The beta decay shape factor of the 4.8 minute isotope T1207

is measured to be (.0423 £ .0006) (1 + (.024 = .0l0)W) using solid

state detectors. The result is interpreted in terms of the shell

model. The properties of the solid state beta spectrometer are

d escribed.
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I. INTRODUCTION

The study of the emission of beta particles from nuclei is one
of the oldest in nuclear physics. The beta particles are unique
amongst the nuclear radiations in that they are emitted in a continuous
spectrum. By the 1930's the work with magnetic spectrometers had
provided much information concerning the distribution in momentum of
the emitted beta particles. By this time the peaks observed in the
beta spectra of some nuclei had been correctly identified as atomic
electrons associated with the internal conversion of the gamma rays
emitted by these nuclei. In 1927 Pauli suggested.the existence of
the neutrino to explain the continuous distribution of beta particles
without abandoning the principle of conservation of energy.

The first theoretical explanation of beta decay was put forward
in 1934 by Fermil), and his basic hypothesis is believed to be
correct. He proposed that the process be described by the interactiom
of the nuclear current with the lepton current, in analogy to the
electromagnetic interaction where the nucleaf current interacts with
the electromagnetic field. In the case of beta decay the two leptons
can be emitted in a singlet or triplet state, which leads to two types
of transitions, Fermi and Gamow-Teller, each with its own coupling
constant.

The currents involved in the beta decay process can be formed
in five different ways. In Fermi's original formulation he constructed

the currents as four vectors. This was generalized to include scalar,
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tensor, pseudo-vector and pseudo-scalar currents, with arbitrary
strengths. The interaction Hamiltonian was then written in the form
:i: CB(ﬁpOBWR){&eOBWv) . The last major change in this interaction
Hgmiltonian came when Lee and Yangz) advanced the hypothesis that
parity was mnot conserved in the weak interactions. This necessitates
the addition of the terms Cé(ﬁpoﬁwn) (@eOByswv).

In this state the beta interaction contains ten possible
coupling constants. The subsequent experimental effort was devoted
primarily to measuring these coupling strengths. The ratio of the
Fermi to Gamow-Teller coupling constants is relatively simple to
determine. One looks at the '"comparative half-life" (ft)l/2 of transi-
tions,in Which the initial and final spins afg zero, such as 014, Al26
-and Ci34,-in which only the Fermi interaction. is «allowed and compares
this'to.the (ft)l/2 value for the decay of the neutron, where both
interactions occur. From this one obtains ICGTIZ/ICFi2 = 1.46 = .06.

Determination of the relative sizes of the ten coupling
constants C, and C! requires much more sophisticated experiments. By

B B

measuring the polarization of the beta rays emitted from Co60 to be

3)

- %, Frauenfelder ° showed that the spin of the electron is anti-
parallel to its motion, in the limit of high velocity. This allows
the conclusion C, = C! which is described as maximum parity

B B
4,5)

violation. Electron=-neutrino angular correlation studies showed
that the neutrino is also emitted with its spin antiparallel to its
motion, which leads to the conclusion that only the vector and axial-

vector parts of the interaction contribute to the beta decay process.

The final important experiments in this connection were the
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measurement of the polarization of the protons following the beta

6
decay of the neutron ). These experiments show that CV = - 1.2 CA.

The basic results of this activity are that the Fermi and

Gamow-Teller coupling constants are approximately equal, that the

B

conserving coupling constant CB, and that only the vector and axial-

parity non-conserving coupling constant C; equals the parity
vector interactions contribute in the combination V-A. The slight
deviation from this statement of the form of the beta interaction

(actually |C [2/lCFl2 = 1.46 and C, = - 2 C,) is a subject of the

GI Vv
6a,6b)

most recent investigations in beta decay
From the point of view of the nuclear physicist the beta

interaction can be considered known. The measurement of (ft)1/2

values, shape factors, electron-neutrino cﬁrrelations and polariza-

tions then determine various combinations of nuclear matrix elements.

In transitions where the initial and final spins are zero only one

matrix element enters in the allowed case, and two in the first forbidden

case, hence one can usually determine these matrix elements. In most

cases, there are two matrix elements that contribute to allowed decays,

and as many as six matrix elements in first forbidden decays. Here

the problem of determining those parameters by experiment is in general.

very difficult. In regions of the periodic table where good descrip-

tions of a nucleus exist one can reduce the number of free parameters

by using a nuclear model. In this way the experiments can be used to

check the assumptions of the model.

The techniques for obtaining information about the shape of
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beta spectra have centered around the magnetic spectrometer. These
spectrometers first appeared around 1920, and had as their main attribute
highfmomeptum resolution, commonly less than .1%. This resolution is
obtéinéa at the expense of te@ucing‘the effective solid angle
subtended by the detector to about 1 percent of the whole sphere,
" which has been a serious limiting factor to the experiments which can
be done with this instrument. The development of solid state detectors
offers the possibility of.constructing a spectrometer which complements
the properties of the magnetic spectrometer. Such a spectrometer
offers the advantage of 4n counting geometry, energy resolution in
some cases comparable to magnetic spectrometers, and low time
resolution for coincidence experiments.

In the last ten years much work has been done on the
development of solid state detectors and their associated electronics
for the purpose of studying nuclear radiations. The work has been
primarily concerned with increasing the energy resolution obtainable
with the view to studying alpha, gamma, and conversion electron
spectra, and the products of nuclear reactiomns. At the present very
little data is available on their use in the study of continuous beta
spectra.

The work to be described in this thesis was undertaken to
examine the effects which can lead to distortioms in measured beta
spectra. The object was to construct a spectrometer which could be
used with confidence in determining the shape factors of short lived

isotopes, specifically the 4.8 minute T1207- On the basis of single
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particle model estimates, the deviation from an allowed shape, i.e.,
the shape factor, was expected to be about 5 percent per MeV.
Investigations using a single detector show that due to
environmental effects the fraction of electrons backscattered from the
environment can become as high as 2 1/2 times the fraction backscattered
A , , 143
from silicon alone. We describe shape factor measurements with Pr
L210 , , . ,
and Bi using this geometry. Although the results obtained are in
agreement with previous work, the accuracy with which shape factors
can be determined is not good. Using 4n geometry we investigated
effects of source absorption and detector separation. Both of these
effects can introduce corrections to the shape factor which are as
, 207
big as the shape factor of Tl . As a test case we have measured the
32 , .
shape factor of P and obtain excellent agreement with measurements
using magnetic specctrometers.
Using this spectrometer we have measured the shape factor of
207 .
T1 + The results are compared to shell model predictions. Although
one has a good model with which to compute matrix elements the shell

model calculation leads to too low an (ft) value and too large a

1/2
shape factor. We discuss these discrepancies in terms of configura-
tion mixing resulting from a polarization of the core by the single
particle. The effect of this configuration mixing is to reduce the
size of the vector matrix elements. The result can be understood by

assuming the "effective beta charges" are less than the single

particle contribution.



II. SOLID STATE DETECTORS

i) Historical Note

The discovery of the effects of ionizing particles on the
conductivity of single crystals by van Héerden7)Tin 1946 started what
proved to be a very important field in the detection of nuclear
radiations. Compared to the gas counters widely used at that time
these solid counters offered higher stopping power, lower resolving
time and a factor of about ten increase in the number of secondary
electrons produced.

The first investigations were concerned with insulating
crystals in order that a charge collection field could be maintained.
Much work was devoted to the discovery of new crystals in which the
effect could be observed. In spite of the large number of materials
found which worked, the performance of the solid counters was poor.
The energy resolution obtainable was worse than that of gas-filled
counters. This was due primarily to the impurities in the crystals
which reduce the lifetime of the mobile charge carriers and lead to
incomplete charge collection. In addition, the pulse height pro-
duced by an incident particle of given energy was dependent on the
previous counting history of the detector. This was due to the
immobility of the positive ions in insulators which causes a space
charge to be built up in the crystal.

8)

In 1949 McKay ' reported the detection of alpha particles

using a reverse biased germanium diode, although the signal-to-noise
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ratio obtained corresponds to a resolution of about 1 MeV. Subsequent

E)

work at the Oak Ridge National Laboratory started an intemnsive
development of silicon and germanium diode detectors. The main lines
of improvement have been in increasing the resolution and sensitive
volume obtainable.

In this chapter, we will discuss the basic properties of the
silicon detectors involved in the detection of ionizing radiatioms.

We will discuss in some detail the response of these detectors to

electrons.

ii) The Detection Mechanisms in Solid State Detectors

The detection of ionizing radiations by solid state detectors
depends on the production of mobile electron-hole pairs in the
crystal. In semi-conductors the conduction band lies about one
electron wolt above the valence band, hence only a small amount of
energy is required to produce an electron-hole pair. Im silicon the
incident particle expends an average of 3.6 eV per ion-hole pair
produced.

These mobile carriers are collected on the diode capacitance
by the electric field which exists in the depletion layer of a
reverse biased diode. A typical arrangement of such a diode is
shown in Fig. 1. The body of the diode is p-type silicon with an
ohmic comntact on the back. A thin n+ region on the front is made by

11)

diffusing a domnor, phosphorouslo) or boron

12)

, into the p-type
silicon. Surface barrier jumnetions have also been used in these

applications. Finally, a thin ohmic contact, usually gold, is
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evaporated onto the front surface. It is important that the ohmic
contact and the n+ region be thin, as these regions have mno collection
field and hence are insensitive. In practice these regions are of the
order of ZO_pg/cm2 thick. In the p-n type junction the depletion
depth is proportional to MG?V_;fV;3 where p is the resistivity and V
is the applied reverse bias, and Va is the contact potential. Using
large bias voltage to obtain large depletion depths has the disadvan-
tage of decreaéing the resolution obtainable with these counters. A
method of lithium drift compensationls) has been used to increase the
effective p. These lithium drifted counters can have depletion

depths of several millimeters.

a) Energy Loss by Fast Electrons

For electrons with energy below about 53 MeV the most important
processes leading to energy loss are the ionization of electromns into
the conduction band and excitation. Only the first process contri-
butes to the number of ion-hole pairs produced by the primary electronm.
Except for very low energy primary electrons, for which collisions
must be considered as with the atom as a whole, we can consider

14)

collisions to occur with free electrons. Bethe has computed the

energy loss per unit path length under these conditions to be
4

dE _ 4ne NZ
T dx 2 B (1
mv

where Z is the atomic number of the absorbing material, e is the
electronic charge, m is the mass of the electrom, v is its velocity,

3 .
N is the number of absorber atoms per cm and B is the stopping

number. For v << ¢, the velocity of light, Bethels) gives the following
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expression for B

2

B = log(0.583 E-‘i’—— (2)

where I is the mean ionization potential of the absorber. For higher

energies B is given by Méller16) as
2
2B = 1og[%g 1 - BZ):] [tog2l[2~1 - % - 14+ 8°] + 1 - g2

(3)
where B = v/c. Figure 2 shows the rate of energy loss for electrons

in silicon.

b. Gamma Radiation

For gamma rays below 5 MeV the important interactions with
matter are via the photoelectric effect and Compton scattering.

In the case of a beam of gamma rays, the interaction results in an

-1 -1

. . . ~1_
exponential attenuation of the beam with a length £ —zphoto + zcompton

characteristic of the absorbing material. For energies below about
50 keV the photoelectric.absorption length is the smaller in silicon.
Heitlerl7) gives the following expressioﬁ for the k-shell absorption

length above the K-edge

5 7/2
-1 NZ [ (m
z'photo =9 Oﬁ 4n 2 (k) )

where Op is the Thompson scattering cross-section, & is the fine
structure constant and k is the energy of the photon. In this
process the photon is replaced by an electron of energy

E = EY - Eps where Ek is the k-shell binding energy.

For energies above 100 keV the smaller absorption length is due to
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Compton collisiqns. The gamma rays scatter from atomic electrons which
can be considered to be free. If the scattered gamma ray emerges at

an angle of O with respect to the initial gamma ray, its energy is -

given by

E

- Y
Ey I+ a(l - cos 8) (3)

while the electron acquires an enefgy
Y (

2
Here ¢ = Ey/mc . The differential cross-section for Compton scattering

18)

of unpolarized gamma rays is given by Klein and Nishina as
SN AR G
) (E ) (E' + 5 - sin 6) )
Y Y Y

where r, is the classical radius of the electron. The distribution
in energy loss of the original gamma ray can be obtained by multi-
plying by the derivative of the angle 6 with respect to the electron
energy. The result is

do _ (dcc) . 11:2 [ (1 + a)2 - Otzcosz(D :l (8)
9]
dE d o:zmc2 (1 + 002 -a(2 +a coszw)

where ¢ is the angle between the incident gamma ray and the velocity
of the Compton electron. This cross-section is shown in Fig. 3 for
a number of different energies of the incident gamma ray.

Finally, we obtain the Compton absorption length by multi-
plying Eq. (8) by (1 - E;/Ey), which is the energy removed per

collision, integrating over angles and multiplying the result by NZ.
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Energy distribution of Compton electrons for various energies of
s 2 .
the incident gamma ray. Here ¢ = Ey/mc , from Davidson and Evans,

Rev. Mod. Phys. 24, 79 (1952). -
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-1_ 2., 2(1L + oDz 1+ 3¢ (1 + a)(ZQF - 20 = 1
ZCompton = 2n %o NZ | = - 2 2 2
a (1 + 20) (1 + 2o) a (1 + 20)
4@2 l+a 1 1
- 3 - ( e -2 -+ —-S-) log (1 + ZQi] . (9
3(1 + 2@) 2

Figure 4 shows the total absorption coefficient for silicon along with

the photoelectric and Compton absorption coefficients.

c. Discussion

For the detection of electrons silicon is the most widely
used detector material. The feasibility of producing lithium-drifted
silicon detectorswith large sensitive volumes makes it unnecessary to
take advantage of the higher stopping power of higher Z materials
such as germanium, since the higher leakage currents and thermal
noise make the operation of these detectors more difficult. For
gamma rays, however, the photo-absorption is proportional to Z5 and
the resulting increase in the total photo-absorption efficiency is a
factor of about 30.

We list in Table 1 some of the relevant properties of

intrinsic silicon and germanium.

iii) Backscattering of Electrons

The backscattering of electrons from the surface of solids
plays an important role in the determination of the response of solid
state detectors to electrons. This problem has been considered by

2
Bethelg) and Archard O), using a very simple model. They describe
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TABLE

1

Property Silicon Germanium
Atomic Number 14 32
. 3 3
Density 2.33 gm/em 5.33 gm/cm
Atoms per cm3 4.96 x 1022 . 4.41 x 1022
Dielectric constant 12 6
Energy Gap 1.106 eV 0.75 eV
Intrinsic Resistivity (300°C) 230,000 o cm 47 g cm

Intrinsic Carrier Conc. (30000)
Electron Mobility (BOOOC)

Hole Mobility (300°)

Electron Diffusion Comst. (300°C)

Hole Diffusion Const. (3000)

1.5 x 10°%/cn’

1350 cmz/volt-sec

480 cm2/volt-sec
35 cm2/sec

12.4 cm2/sec

2.35 x 1010/cm3
3800 cmz/volt-sec
1800 cmz/volt-sec

92 cmzlsec

44 cm2/sec

Some properties of intrinsic silicon and germanium
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the backscattering by considering the electrons to penetrate to a
depth of "complete diffuéionﬁ Xys and then to diffuse uniformly in
all directionsfrom this point, The exact definition of xd'is a
matter of defining what is meant by the depth of complete diffusion.
Bethe defines X4 to be the depth at which the average deflection of
the electron path is 68.4° (the average cosine of the deflection
angle is 1/e). He then obtains the approximate result xd/xr=¥ 6/2,
where X is the range of the electrons in the solid. The back-
scattering coefficient R is defined as the total number of electrons
which leave the solid in the backwards direction. 1Imn this theory R
is given by the fraction of a sphere of radius equal to (xr - xd) which

extends beyond the surface of the solid. The result for the

coefficient R is

X X
R=-§—(1-2;51-)/(1-}—{-‘1>. (10)
Iy r

It will be convenient later to use the quantity 8§ = 1 - R, which is
the fraction of the electrons which stop in the solid.

The most important feature of this theory is that S is
independent of the incident energy of the electrons. The energy
distribution of the backscattered electrons would be essentially
constant up to the energy corresponding to (xr -2xd) above which it
would decrease. However, this theory neglects the large angle
scatterings and surface effects which tend to make the distribution

of backscattered electrons constant.
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III. DETECTOR RESOLUTION AND ELECTRONICS

i) Resolution

In this chapter we describe some of the factors which contri-
bute to the resolution of solid state detectors. The finite resolution
is due partly to the statistical nature of the production of ion-
hoie pairs in the counter and partly to the electrical noise of the
counter and its associated electronics. The deviations which result
have a Gaussian distribution. We will be interestgd in finding the
standard deviation of the distribution for each factor considered.

In the subsequent applications we will always be interested in the
spread in the pulse amplitudes which we record as a result of am
ionizing particle being completely stopped in the detector. It is
convenient, therefore, to express these deviations in terms of the
energy a particle would have to deposit in the detector in order to
produce a pulse equal to this deviationm.

We can obtain an .expression for the contribution due to the
statistical fluctuations in the number of ion-hole pairs produced by
an ionizing particle if for the moment we consider the ionizing
events to be independent. Then the standard deviation in this number,

N, is justn[ﬁ if N is large. Tne number of ionizing events is

N = (11

€ =

where w is the mean energy required to produce an ion-hole pair and
E is the energy of the particle. Therefore, the standard deviation

due to this factor is
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g t=wJ'1\?=,JvT. (12)

sta

This number determines the ultimate limit to the resolution
obtainable.

In the analysis above correlations between the ionizing
events have been neglected. The correlations arise from the fact that
the-total energy loss due to all the ionizing events must equal
the initial energy of the incident particle. The effect of these
correlations has been investigated by Fan021). The result is that o
should be multiplied by a Fano factor F, which is a function of the

22)

absorber material. Measurements by Blankenship indicate that the
Fano factor may be as small as 0.5 for silicon.

Electronic noise generated in the detector is due mainly to
thermal or Johnson noise and to shot noise. The expression for the
Johnson noise is contained in Appendix IV. By cooling the detector
to liquid nitrogen temperature the thermal noise can be reduced to
below 1 keV. Shot noise depends on the current drawn by the
detector, including bulk leakage currents and surface currents. In
good detectors this also contributes less than 1 keV to the noise
width.

The most important source of noise is in the electronics associ-
.ated with the detectors. This contribution generally determines the
total noise width of the system. If the first stage of amplification
has a large gain we need only consider the noise contribution due to

this stage. In Appendix IV we list the individual contributions to
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the total noise referred to the input of the amplifier. Adding these

contributions we obtain for the total noise width

2
1
. )2=E2 °a kI T+2.5_kTe.Cin+fgC2“]
tot e 2 ZRg 8m 2 T 2 i '
9 . 2 (13)
Figure 5 shows (Otot) as a function of T for various values
of I&-. Gtot has a minimum where the contribution due to shot noise

is equal to the contribution due to leakage currents. The value of

this minimum is an increasing functiom of Cin'

ii) Electronics

The electronics associated with each detector is shown in
Fig. 6a. The low noise preamplifier used was an Ortec Model 109 FET
amplifier. In order to minimize the input capacitance, the detector was
.connected directly to the gate of the field effect tramsistor via a de-
coupling capacitor. The preamplifier had an integrating time
constant of 40 nsec and a differentiating time constant of 400 wsec.
The post amplifier was an Ortec Model 410 Multimode Amplifier with
variable gain and variable integrating and differentiating time
constants. The time constants used in the experiments were 1 psec.
The apparatus for the coincidence measurements is shown in Fig. 6b.
The spectra were recorded in a Nuclear Data 1024 channel two-parameter

analyzer.
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Figure 5
width as a function of amplifier time constants for various
current Ig. The solid lines are for Cin = 40.pf, the dotted
for Cin = 80.pf. From F.S. Goulding and W.L. Hansen, Nucl.
& Meths. 12, 249 (1961).
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Ip

[\_

ot
B Figure 6

a) Electronics associated with solid state detector. 1 - Low noise
preamp, 2 - Main amplifier, 3 - Pulse height analyzer.
b) FElectronics used in coincidence measurements. & - Preamp and main

amplifier, 5 - Single channel integral - differential discriminator,
6 - Coincidence unit with 2v= .1 usec.
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IV. EXPERIMENTS WITH A SINGLE DETECTIOR

The experiments to be described in this chapter were performed
to determine the response function for a single detector. It is
known that .the backscattering from solids is independent of energy
and the energy distribution is relatively flat. These experiments
were designed to determine the amount of backscattering in the experi-
mental conditions to be used, and to gain an understanding of the
importance of the environmental effects.

i) Spectrometer Illumination

The most direct determination of the detector response was
accomplished by using the detector in conjunction with a magnetic
spectrometer. By this technique we are able to illuminate the
detector with a thin beam of mono-energetic electrons perpendicular to
the sensitive surface of the detector. The small amount of scattering
in the spectrometer has a negligible effect on the results obtained.
Using this arrangemenf, the general shape of the pulse~height
spectrum was a full energy peak and a low energy tail, the tail being
essentially flat (Fig. 7). The peak shows no discernible deviation
from the expected Gaussian shape. This means that the energy loss in
the dead layer is much less than the resolution, which is about 40 keV
in these experiments. For incident energies below the range of the
detectors the integrated area under the low energy tail is about 20
percent of the total area, independent of the primary electron energy.

This is consistent with previous measurements of the backscattering

coefficient for
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Figure 7

Pulse height spectrum obtained by illuminating a 0.7 em by 1 mm
deep -detector with mono-energetic electrons from a magnetic spectro-

meter. The thickness of the detector corresponds to about 700 keV.

The curves are normalized to constant area.
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23,24)

silicon As the energy is increased beyond the range of the
detector, the fraction of counts in the low energy tail increases.
In ;ddition, the energy distribution is no longer flat, a broad
minimum ionization peak appearing at the energy corresponding to the

25)

thickness of the detector .

ii) Shape Measurements with the Single Detector

In order to measure the shapes of beta spectra with this
arrangement it is necessary to have a much better determination of
the detector response than is possible using the technique described
above. The qualitative information obtained from the experiments
with mono-energetic electrons was used to obtain a reasonable
functional form for the response functiom. This was taken to be a
d-function of.amplitude S at the energy of the incident electron
plus a constant low energy tail. The integral of the reSponse'
function is normalized to unity. This response function is to be
folded with a Gaussian whose second moment is appropriate to the
resolution of the instrument. This is determined by measuring the

6 4
width of the photo peaks of Co 0 and Sc 6 gamma rays. In the case of
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a slowly varying continuous distribution the instrumental resolution
distorts the spectrum only slightly and was accounted for by the
method described in Appendix I.

The parameter S was determined by measuring the beta spectrum
of P32. Using the values for S thus obtained, the shape factors of the

beta spectra of Bi210 and Pr143 were determined.

a) Sources

The nuclei used in these experiments all decay essentially
100 percent by beta emission to the ground state.. The decay of B1210
is complicated somewhat in that it decays to P0210 which in turn
decays by C~emission with a half-life of 138 days. The effects due

to the a-decay can be eliminated by chemically separating the Bi

immediately before use, as described below.
P32

P32 has an endpoint energy of 1.712 MeV and a half-life of
14 days. The phosphorous was obtained commercially carrier free as
phosphoric acid. The sources contained impurities of P33 which beta
decays with an endpoint energy of 250 keV. Soufces were prepared by
evaporating the acid to dryness on 0.5 mg/cm2 mylar foils.

BiZlO

31210 has an endpoint energy of 1.06 MeV and a half-life of

‘5 days. Carrier free bismuth was obtained by chemical separation from

commercially obtained szlo. The Pb210 was placed on an ion exchange

column containing Dowex-50 resin. Bismuth and lead were eluted from

26)

the column with ZNHNO3 . The bismuth and lead were then placed on
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a Dowex =350 microcolumn and 31210was eluted with 0.6 NHCl. The Bi210

solution was then evaporated to dryness on a mylar backing.

Pr143

Pr143 has a beta endpoint energy of 930 keV and a half-life of

B
13.8 days. Pr143 was obtained by the reaction Celhz(n) Ce143 - Pr143.

The Ce143 has a half-life of 33 hours. Carrier free sources of Pr143

‘ 27
were prepared by extracting the cerium from a 10NHNO3 solution ).
The remaining Pr143 was then precipitated with Fe(OH)3 and the irom
was removed by solvent extraction. The resulting aqueous solution of

Pr143 was evaporated to dryness on a mylar backing.

b) Shape Measurements

The system response to a continuous beta spectrum I(E) can

be written in terms of the parameter S, as described in Appendix I,

as E0
Sl"SSE'!! 1 ]
O(E) = S(E) I(E) + K I(E') dE (14)
E
where O(E) is the observed spectrum and E0 is the endpoint energy
32 28
of the beta decay. Using the known shape factor of P ) for I(E),

Eq. (14) can be solved for S(E) in the manner described in Appendix I.
The result is shown in Fig. 11 .

Using the function S(E) obtained above, the shape factors of the

. .210 143 . .

beta spectra of Bi and Pr were determined by solving Eq. (14)
for I(E). Figure 12 shows the function

2ﬁ3 I(W)

2

FO(Z,thW(WO - W) Lo(ro)

cw) = (15)
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2
The shape factor C(W) for Bi 10 and Pr143 obtained using a single

' . 32 .
detector. The beta decay of P7. was used as a standard spectrum.
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2
for Bi 10 and Pr143. Here FO(Z,E) is the Fermi function defined by
39) | o

Bhalla and Rose s P 1s the electron momentum and W is the total

electron energy.

c¢) Discussion

Although the results obtained for the shape factors of the beta
decays of 31210 and Pr143 are consistent with previous work30’31),
the accuracy with which these shape factors can be determined by this
method is poor. As seen in Fig. 11 the function S(E) becomes as
large as .54 and decreases slightly above 1.2 MeV. This causes the
cumulative effect of the high energy electrons being scattered to
lower energies to be large. In order to measure percent effects in
the shape factor of a beta decay, S(E) must be determined to better than
1 percent, due to the fact that the second term in Eq. (14) becomes
larger than the first term at low energies. This in turn means that
the shape factor of the reference spectrum must be deﬁermined
considerable better than 1 percent.

Another serious problem is the dependence of S(E) on the
experimental environment. As indicated from the measurements with
a singie detector, there is a large amount of electron scattering
in the vacuum chamber. This results in the function S(E) being

dependent on the particular experiment and on the particular reference

spectrum used.
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V. EXPERIMENTS WITH 4n DETECTORS

The serious distortions due to the backscattering of electrons
from a single solid state detector can in principle be eliminated by
imbedding the source in the detector and counting over the whole
sphere. This method has been applied successfully to plastic scintilla-
tors. In the case of plastic scintillators, however, the relatively poor
energy resolution obtainéble makes the analysis of the data difficult.

In this chapter we discuss a 4x spectrometer using two
lithium-drifted silicon detectors manufactured bylSimtec Led. 1In
this arrangement it is possible to achieve a &-function response to mono-
energetic electrons and to take advantage of the high energy resolution
obtainable with solid state detectors. Because of the totally dif-
ferent counting geometry there are new effects which can lead to
spectral distortioms.

The first effect concerns the energy loss in the source
backings. In the case of the 4n spectrometer this can become serious
because electrons which have beeﬁ scattered out of ome detector
.must pass through the source backing material. A single electron
may make several such scatterings. At low energies the dE/dx for
electrons becomes large. It is possible that these electrons may
lose a considerable amount of energy. Secondly due to the finite
separation of the detectors, there is some loss of solid angle. The
relevant effect of the resulting imperfect 45 geometry in these
experiments is the scattering of electroms from active to inactive

regions, or from inactive to active regions of the detection system.
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These electrons produce pulses smaller than would be recorded if they
were stopped in the detector.

These effects have been studied experimentally and the shape
factor of the beta decay of P32 has been measured.

a) Experimental Apparatus

The experimental apparatus for the 4x detection system is
shown in Fig. 13. The two detectors are mounted on thin-walled stain-
less steel tubes and pressed together by a weak spring. Each detector
has an active volume 1.0 cm2 by 3:mm deep. The source is placed on thin
foils between the detectors. The entire system is then placed in a thin-
walled stainless steel cryostat which is surroun&ed by a liquid nitrogeﬁ
bath. The cooling of the detectors is accomplished by the use of an
exchange gas in the cryostat. Dry helium is used as the exchange gas.
The detector signals were brought out via thin stainless steel
wires connected to the gate of the input FET. Recording of spectra
was done in two ways. To obtain single spectra the output currenté
of the two post amplifiers were added by a resistive metwork. The
resulting sum pulses were then analyzed in é multichannel analyzer.
To study the interaction of the two detectors, the coincident
pulse height spectrum of the sum pulses and the singles pulses
from one of the detectorswere analyzed in a two parameter pulse
height analyzer. In either case the gains in the two halves of the
system were matched to better than 1/2 percent by using the photo-
absorption peaks of the gamma lines of 0060 and Sc46. This also

provides a means for energy calibration of the system and
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Apparatus for the 4x detectors. The cryostat is filled with

dry helium which is used as an exchange gas to cool the detector.
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determination of the system energy resolution. We may note that in
the case of the singles spectrum it is generally not possible to sum
directly the charges collected by the detectors because of small
variations in the detectors themselves. These variations are due to

variations in impurity concentrations and distributions in the siliconm.

b) Source Absorption

Because the lithium-drifted detectors required for the
spectrometer were not available on an unlimited basis, we could not
deposit sources directly onto the detector surface, as reported by
Reynolds and Perssonaz). We chose to confine the sources between
two Formvar films 15 ug/cm2 thick.

In order to examine the effects due to electrons losing energy
while traversing these films Bi2o7 sources were prepared on mylar

backings whose total thickness was 1 mg/cmz. The two-dimensional
pulse height spectrum of the sum pulses in coincidence with the
singles spectrum in one of the detectors was recorded. In this way,
the ef%ect of low energy electrons passing through the foil can be
observed. 1In Fig. 14 a contour plot of the region corresponding to the
1.06 MeV K-conversion electron sharing its total energy between the
two detectors is shown. If there were no absorption in the backings
the peak would lie along a line of constant sum energy equal to the
energy of the K-conversion electron. It is seen that the peak falls
below this line. Figure 15a shows profiles through this peak for
various energies deposited in a single detector. Figure 15b shows

the peak position as a function of the emergy deposited in a single

detector. The solid line is the dE/dx expected for electrons passing
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in coincidence with the singles pulses in one of

Figure 14

Pulses that fall along lines of constant sum energy '

The sources were mounted between lmg/cm2 mylar foils.
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through 6 mg of mylar. An electron which is scattered once through
the backing must traversé 3 thicknesses of the mylar, and the average
value of sec O, the angle at which it passes is about 2. Figure 16
shows a contour plot of the region around the K and L conversion
peaks. The peaks are skewed slightly to the low energy side. A
shoulder on the low energy side, due to backing thickness, extends

10 keV below the peak, which is.roughly the effective thickness of
the mylar backings.

These effects are eliminated by the use of thin Formvar
backings. The 15 ug/cm2 Formvar backings used during the shape
measurements cause an energy loss of less than 100 eV for electrons
whose energy is greater than 1 keV. Since the noise width of the
combined system was 10 to 15 keV, this does not contribute

appreciably to spectral distortions.

¢) Detector Separation

The effect of the detector separation was determined by observing
the change in the shape factor of a beta spectrﬁm as a function of .
the distance between the detectors. For this purpose sources of
P32 were prepared on Formvar foils. The sum spectrum of the two
detectors was recorded for a number of different spacings of the

detectors. The sum spectra were fitted to the function

NW) AW = -—lB— B (Z,W)PH () - W)ZLO(rO)C(E)dW (16)
2%

in the manner described in Appendix I. C(E) was taken to be

C(E) = k(1 + AE + B/E) . (17)
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Figure 16

Contour plot of the region around the 1.06 MeV gamma K and L
conversion electrons. The low energy shoulders are due to

the effective backing thickness of 6 mg/cm2 of mylar.
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In Fig. 17 the parameters A and B as a function of detector spacing
are shown. The effect of the separation contributes only to the
term B/E, the linear term being unaffected. The size of the contri-
bution is roughly linear in the detector separation since it is
proportional to the solid angle subtended by the inactive region of
the detection system. This effect has been studied by Reynolds and
Persson32) for separations from .2 mm to .7 mm. They obtain similar
results. AtISOO keV they obtain a correction of about 4 percent to
the beta spectrum of P32 with a separation of .2 mm. In our
experiments we are able to use separations ten times smaller than

this, making these distortions negligible.

d) Discussion

Because it is necessary to use source backings in these experi-
ments the effects of source absorption and detector separation cannot
be entirely eliminated. The effect of the source absorption is to
add approximately 1 percent to the line width and to shift the line
peak by less than 1 percent of the instrumental resolution. The detector
separation introduces corrections to the shape factor ﬁhrough the term
B/E. The value of B is smaller than 1/2 percent. In most cases we will be
interested in shape factors of the form 1 + AW in which case this
effect introduces a small correction to the linear term.

Taking these effects into account we have obtained for the
32

!

shapé factor of P

C(E) = k(1 - (.025 = .005)E + (.02 % .01) z ).
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The coefficients A and B for the shape factor of P32 as a

function of detector separation.
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TABLE 3

Measurement Form of Shape Factor A(mcz)-l B(mc?)
Daniel 1 4+ AW -.04 = .013
Novikov 1+ AW + B/W -.0249x .007 | .12 £ .05
Langer 1+ B/W .2 to .4
Graham 1+ B/W .16
Chabre 1 + AW -.03
Lehmann 0 = .01
Persson 0 .01
This Measurement 1+ AW + B/W -.025 * 005 .02 = .01

32
The results of shape factor measurements on P~ . The measurement of
Persson was done with solid state detectors, the remaining are

magnetic spectrometer measurements.
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This result is compared with those obtained using magnetic spectro-
meters. Table 3, taken from LehmannBé) summarizes a number of the
more reliable measurements of the shape factor of P32. We also include
th; result of Ref. 32 and this measurement, both of which were done
using solid state detectors. The discrepancy in the last two
measurements can be eliminated if the iterative procedure described

in Appendix I is changed to correspond to that used in Ref. 32, where

the shape factor C(E) was not included in the iteration procedure.
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VI. THE BETA DECAY OF T1207

The methods developed in the preceding chapters have been applied

20
to.the determination of the shape factor of the beta decay of Tl 7.,

The half-life of T1207 is 4.8 minutes and hence the spectrum shape factor

is not amenable to measurements using a magnetic spectrometer. The

decay proceeds primarily to the ground state of Pb207, the branching

ratio to the 900 keV state in Pb207 being 0.16 percentBs). This leads
effectively to a single beta-branch with no gamma rays to contribute

to background.

207 ., . . ;
Tl is also an interesting nucleus from a theoretical

point of view. The nucleus is immediately adjacent to the doubly

2
magic Pb 08 which has a closed proton shell of Z = 82 and a closed

neutron shell of N = 126. The level schemes of T1207 and Pb207 are

shown in Fig. 18. These levels are well understood in terms of the

single particle model. This model predicts the proton hole in leo7

to be in 81/2 orbital and the neutron hole in Pb207 to be in a Pl/2

orbital. These predictions have been confirmed by the experiments of
' 35,36,37

several workers 7 ),

In this work we have measured the energy spectrum of the

2
beta branch to the ground state and the lifetime of Tl 07.

i) Sources
. 207 .
The preparation of pure Tl sources has not been possible
until fairly recently. This is primarily due to the development of

ion exchange techniques and solvent extraction techniques. In order
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.that the separation of T1207 is to be useful in the preparation of
beta sources it is necessary that the time of preparation be short,
of the order of one half life. We also require the resulting sources
to be suitably thin to beta rays. Since the active area of the detec-
tors used in these experiments is 1 cmz, the sources must also be
confined to an area small compared to 1 cmz.

T1207 is not a member of a naturally occuring radioactive
group,the longest living member of the 4n + 3 chain of which it is a
. 2 . .
daughter being 32.5 thousand year Pa 31. For this experiment we

. 227 , R 226 .
obtained a 1 mc source of Ac by neutron irradiation of Ra which
was obtained commercially. It was theﬂ necessafy to separate the

227 226 . . c1s ,
Ac from the Ra and its daughters, since both families contain
Pb, Bi and Tl isotopes which cannot be separated chemically. This
. 227 226 .
was done by placing the Ac and Ra on an ion exchange column

38)- Ac227 can be eluted with INHC1, all other

containing Dowex~50Q
elements being strongly stuck on the columm. The Ac227 was then used
as the primary source of activity for the remaining separations.

A number of intermediate separations were necessary to obtain
sources of pure T1207. The Ac227 was placed on a Dowex-50 ion-
exchange column and allowed to come into equilibrium with its
daughters (approximately 30 days). Aczz7 was then eluted with 1INHC1
and 11.6 day Ra223 was eluted with 12NHC1l. The Ra223 was then placed
on a micro-column (free column volume of 15 nl) containing Dowex-50
and allowed to come to equilibrium with its daughters. Finally

36 minute Pb211 was eluted with 2NHCl. The T1207 gsources were
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prepared by solvent extraction from this solution.
The HCl solution of Pb, Bi, Po and T1 was brought to 6N. The

Tl was oxidized to its 3+ state by adding bromine. The Tl207 was

then extracted into ethyl-ether39).

The beta sources were prepared oﬁ Formvar backings 15 pg/cm2
thick. The Formvar foils were supported front and back by aluminum
foil .01 mm thick. In order to confine the sources to a small area
on the Formvar it was necessary to evaporate the ethyl-ether down
to less than 1 pl before placing on the. backing. The source area
obtained in this way was about 1 mmz. After evaporation of all the
ather the sources were covered with a Formvar foil in order to
prevent contamination of the detectors.

The efficiency with which the entire operation could be made

t
was not high. The T1207 sources thus prepared had an initial activity
of about 1 pc. This was not a problenshowever)as the counting rate
of about 104 counts per second, acceptable by the electronics was
the limiting factor on the allowable activity of the sources. Since
the source preparation described results in carrier-free sources,
the amount of material in the source contributes negligibly to the
total thickness of source plus backing..

The separation of the Pb, Bi and Po isotope was essentially
100 percent. Figure 19 shows the gamma spectrum obtained with a
 sodium iodide counter from Pb211 in equilibrium with all its

daughters and that obtained after the Tl207 solvent interaction.

The gamma ray spectrum of the T1207 showed only the weak 900 keV
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Figure 19

The upper curve shows the gamma spectrum of sz11 in equilibrium with

2
its daughters. The 351 keV peak is due to the level in Tl 07, the
830 keV peak is due to a level in 31211. The lower curve shows the
gamma spectrum after the thallium separation. The 900 keV peak is

due to the level in Pb207, the 351 keV peak has completely disappeared.
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gamma ray.

ii) Experiments

2
The experiments on Tl 07 were done with the same apparatus as
described in Chapter V. For the determination of the energy spectrum
the sum pulses were recorded in a multichannel analyzer. For the

.half-life measurements only a single detector was used.

a) Half-Life Measurement

The half-life measurements were done by measuring the
integral spectrum as a function of time. The outbut of the post
amplifier was fed to a single channel integral discriminator. The
output of the discriminator was counted in an RIDL multichannel
analyzer operating in the time mode. The storage channel was incre~
mented each 8 sec.for 3200 sec. This represents about 11 half-lives.
A typical time spectrum is shown in Fig. 20.

The results obtained for several runs were fitted in a least
squares program to an exponential plus a background. It was
sufficient to take the background as constant, no improvement in the
fip was found by including a linear térm. This indicates that there

2
was no Pb 11 present in the Tl207 sources.

b) Energy Spectrum Measurements

The differential energy spectrum was measured by recording
the summed pulse height spectrum from the two detectors. After
2
preparing the Tl 07 sources, they were centered between the detectors

and the cryostat was closed and flushed with dry helium. The
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detectors were then cooled to liquid nitrogen temperatures before
counting began. The total time taken for this procedure was generally
5 minutes. Tbe pulse height spectrum was then recorded for two
successive 10 minute periods. These spectra were compared to check
for any long living activity due to incomplete separation and to make
background corrections. After each run an energy calibration was
done by recording the gamma spectrum of a 0060 source placed near the
cryostat. This also serves as a measurement of the instrumental
line width and as a check on amplifier drifts.
The spectra obtained were analyzed by the procedure explained
in Appendix I. The corrections due to the resolution were always

less than 1 percent.

iii) Results

The result. of the half-life measurements was obtained by
taking the weighted average of the individual runs. The result of
286 £ 2 sec agrees with previoﬁsly reported results40).

Table 4 shows the results of the shape factor measurements. We
give only the linear term. The fit was not improved by including
the 1/W term, hence we conclude that the experiment was not sensitive
enough to distinguish this from the linear term. The errors quoted
fqr the individual runs are due only to statistics. To obtain an
estimate of the other errors involved a least squares analysis was
done on the individual runs. The values of X? obtained for the fit

was 12.5. This indicates that there is probably some systematic

contribution to the real errors. Finally, using the fact that
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TABLE 4

Run Total Counts A(mcz)-1 Statistical Error
1 197,000 -0011 0020
2 168,000 .045 .021
3 113,000 .030 .023
4 89,000 025 .031
5 182,000 . 047 .020
6 _ 45,000 .007 .039
7 170,000 .039 .021
8 42,000 -.009 .040
Total 1,130,000 .024 L0067
Weighted Average = .024 + .01

: 207 -
Results of shape factor measurement of Tl . The coefficients are the

least squares fit to C(W) = K(1 + AW). The errors quoted are due to
statistics only. The error in the weighted average is such that

the Xz of a fit to the individual runs is 1.
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(:Et)ll2 = 6150 sec (18)

when the sum of the squares of the matrix elements equals one, we

obtain for the shape factor of T1207

C(W) = (.0423 = .0006)(1l + (.024 * .010)W)." (19)
iv) Discussion

We interpret the results of the measurement in terms of the
single particle model which is expected to give good results for

41)

nuclei near closed shells. Blomqvist and Wahlborn have

calculated single particle wavefunctions for the nuclei Pb207, szog,

~B1209, T1207. They used a Saxon-Wood type potential, including a
spin-orbit interaction, and included pairing corrections. Separate
setsof potential parameters were assigned fo neutrons and protons,
and were adjusted to fit existing energy level data.

Damgaard and Wintheraz) have used these wavefunctions to

compute the single particle matrix elements pertinent to the first

forbidden beta decay of T1207. The calculations include the effects

of the radial dependence of the electron wavefunctions in the Coulomb
.field» Because of the isobaric spin depenéence of the potential
used to calculate the wavefunction, the matrix element {(a) is
calculated through the vector current continuity equation as indicated
in Appendix III.

Using the values for the single particle matrix elements one

calculates an (ft)1/2 value about a factor of two too low. It is
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expected that the spherical core will be polarized by the motion of
the single particle outside the core. If such is the case, the
nueleons in the core can be expected to give significant contributions
to the matrix elements. In Réf, (41) the size of this interaction
between the core and the single particle is estimated by assuming a
quadrupole interaction and calculating the amount of admixing of

single particle states in the levels of T1207 and Pb207. In the case

of Tl207 they find a 4 percent admixture (approximately .2 in

amplitude) of a d3/2 state in the 8172 ground state. In Pb207 there is

a 4 percent admixture of an f5/2 state in the P ground state.

35)

1/2

Vandenbusch et al. have measured the half-life of the 351 keV

/ to be less than 0.6 x 10—10sec and the K conversion

state in leo
coefficient for the 351 keV gamma ray to be 0.239. Both of these
values indica&e that the level is depopulatéd by an Ml tranmsitiom.
The single particle transition is d3/2 ~8y/9 for which the Ml.
transition is 4 forbidden. The observed M1l rate thus arises

entirely from the d admixture.

3/2
For computational purposes we can treat the effects of
configuration mixing by introducing effective charges, in a manner
analogous to the electromagnetic transitions. In the case of beta
decay two such charges are needed. They are obtained by writing

2y = a®) s.p.
(£) = a(Z) s.p 20)

(gx2)=blgxf) s.p.

We assume the effect of the core polarization is to reduce the
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vector current. As stated above, the potential used in the
computation of the wavefunctions is isobaric spin dependent,
necessitating the addition of a term ta the vector current in order
-that the continuity equation be fulfilled for the single particle
current. The shape factor C(W) has been computed as a function of

the parameters a and b. The result is

)

CW) = {?6.2 + (15.6a + 18.1b)2 + .045W(-13.8 + (15.6a + 18.1b)

(-2.8a + 37.2b){} x 10'4.

The two experiments now determine two relations between a and b.
These relations are shown in Fig. 21. The experimental result for

the parameters is

(21)
b = .40 * .10.

In view of the significant amount of admixing of the d3/2
state in the ground state of T1207, these results do not seem un-
reasonable. The beta transition d3/2 -9P1/2 is of the same order of
forbiddenness as the $1/2 _§P1/2 decay. Hence one should expect rates
of the same order of magnitude. The fact that the admixing decreases
the rate is physically reasonable, since it is due to a reaction of the
core to the motion of the single particle.

A proper treatment of the effect of the core nucleons would

involve a totally antisymmetrized description of all the nucleons,

since'they are all capable of transforming. Attempts to treat the
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Figure 21

The "effective beta charges" a and b. The curves A = const. are
~curves of constant shape, the cu;Qes‘K = const. are curves of constant
(ft)l/z. The solid lines are the results of the shape factor and
(ft)1/2 measurements, the dashed lines are the experimental errors in

these measurements.
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effects of core nucleons by the construction of many particle
states yield reasonable results for stationary quantities such as the
energy, but meet with only limited success in the computation of

transition rates.



VII. CONCLUSIONS

We have presented a description‘of a 4n solid state beta
spectrometer. In view of the fact that very little experimental
information is available concerning the use of solid state detectors
in the study of continuous beta spectr;, we have presented the results

'df experiments to determine the properties of these detectors. We
have seen that serious distortions in beta spectra rgsult from
electron scattering from the detector and the environment. These
distortions cause the analysis of the experimental spectra to be
extremely complicated. The results obtained are not accurate enough
to measure shape factors of the order of 1 percent. In applications
involving conversion electrons, such as e =y correlations, these
detectors can be very useful because of their high solid angles and
low charge collection times.

The essential feature of the 45 spectrometer is the complete
dissipation of the beta particle energy in the.gensitive volume of
the detectors. We have seen that the effects of source absorption
and detector separation in such spectrometers can lead to percent
effects. The problem of source absorption was seen to be more
serious. than in the case of magnetic spectrometers because of
possible multiple scattering. The effective source thickness was
roughly three times the actual thickness. We have pointed out the
problems arising from correlations between the assumed endpoint

energy and the shape factor. 1In the case of solid state detectors
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it is necessary to treat both W, and the parameters in the shape

0

factor as free parameters.

The measurement of the shape factor and (ft) value of

1/2

207 |, ., . . ; .
T1 indicates substantial disagreement with shell model calculations.
The fact that the core nucleons are expected to play a role in deter=-
mining transition rates was sug%ested from electromagnetic data.
The treatment of the core nucleons is extremely difficult and has
been carried out in an approximate way. The consistency of such a
treatment could be investigated by an investigation of the beta

decay of several other short living isotopes near pp208,
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Taking the inverse transform we obtain the final result

02 d2
I(E) = O(E) - Er-——i-(O(E)) + ... . (26)
E 1

d

The expansion is useful because of the small size of o obtained with
solid state detectors. In all cases the corrections to the beta

spectra were less than 1 percent.

Solution of the Integral Equation for the Detection of Electrons by a

Single Detector

The response function for the noise free detection of

electrons by a single detector is

1 - S(E

G(E,E') = S(E) B(E - E') + E<E'

(27)
=0 E>E'
where S(E) is the backscattering parameter and E' is the incident
electron energy. Putting this into the convolution integral for the

output spectrum gives
Eo

O(E) = S(E) I(E) +;[\Sl—:E§£§:22-I(E') dE' (28)
E

where I(E) is the input beta spectrum, O(E) is the observed spectrum
and E0 is the beta decay endpoint energy. The solution was obtained
by iteration. .In the first case S(E) was treated as the unknown func-
tion. The function I(E) was taken to be the known energy spectrum of

the. P32 beta decay. Assuming a function SO(E) we calculate

By (1 - 5,(E")) .
01(E) = SO(E) I(E) + X I(E')4E'. (29)
E .
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For the second iteration.SO(E) is corrected to be

(0, (B) - 0 (E))
Oobs(E)

Sl(E) = SO(E) + (30)

where OobS(E) is the observed spectrum. The integral equation then.
gives a new OZ(E) and so on. For not too unreasonable choices for
SO(E) the procedure converges in four or five iterationms. .The
solution is not semsitive to the initial SO(E).

In the second case I(E) is the unknown. The procedure is

similar, the initial guess for I(E) being I(E) = O(E).

Determination of the Shape Factor

In all cases the datawere corrected for the finite resolution.
For the 4x counting geometry this corrected data was used in the
determination of the shape factor. For the single detector, the
result of the calculation above was used.

The spectra were fitted to the function

N = =55 F(z,W)pH(H, - W)Ly (2, )G aH. (31)
25

In the case of.P32, C was taken as

C = K(1 + AE + B/E)

where E is the kinetic energy of the electron. For T1207

C = K(L + AW).

A least squares fit was made to the data, treating W, and the

0
parameters in C(W) as free parametersAz). The following iterative

2
procedure was used to minimize X .
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1. Using the experimental energy calibration to determine WO’ a

" least-squares fit was done ﬁo the parameters in C(W).

v2. Using the same energy calibration and the function C(W) determined
in step‘(l), a Fermi-Kurie plot was cbmputed. A new endpoint energy
was obtained by fitting the Fermi-Kurie plot to a straight line and
determining the zero crossing.

3. Using this new calibration, the procedure is repeated from

step (1).

The procedure was continued until no significant change in the
endboint energy was obtained.. It should be pointed out that the
actual value for WO was taken from existing data. In the numerical
analysis the energy of the electron is related to the channel in the
pulse height spectrum by a calibration factof, and it is this

‘calibration which is determined in the analysis.
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APPENDIX IT

ON THE CORRELATIONS BETWEEN WO AND THE SHAPE FACTOR

In this Appendix we will present results pertiment to the
analysis of the spectra obtained with solid state detectors. 1In the
case of solid state detectors it is not possible to analyse the
data in the traditional manner. In high resolution studies with
magnetic spectrometers very accurate energy calibration is possible.
A determination of the endpoint of the beta spectrdm is made by
extrapolating the lower part of a Fermi-Kurie plot linearly until
it crosses the energy axis. The important consideration is that the
percentage error involved is determined primarily by the resolution
of the instrument. This is typically one part in 103 to 104.

A similar situation does not exist for solid state
counters. Generally one part in 103 is an upper limit on the
resolution. This is, in general, not a sufficiently accurate
determination. In the following we will show that correlations in
the shape factor and endpoint energy necessitate a more unified.
treatment of the parameters involved. Recent considerations of
this problem43) seem to indicate this as a possible source of
discrepancies in reported results of shape factor measurements.

For the purpose of this analysis, the energy spectrum of

electrons may be written

NG dW = G(W) (W, - W2 oo (32)
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where G(W) is given by

G0N = —h5 T (2,W)pN L (x) (33)
25

FO(Z,W) is the Fermi function, C(W) is the shape factor and WO is the
endpoint energy. 1In the following we will consider G(W) as a known

function of energy.

We consider the shape factor to be of the form

CW) = K(1 + AW). . (34)

Calculations similar to the ones to be described have been
performed including term B/W. No significant changes in the results
were obtained with this form for the shape factor.

We have investigated with a computer the shape of the X2
surface near the minimum resulting from a least squares fit to the
parameters A and WO. The X2 surface was compufed using varying
fractions of the total spectrum. Figure 22 shows contour plots of
)(2, using a value of 0.05 for A. The correlation is such that a

.0l percent error in W0 would cause a change in the best value of A of
slightly more than 1/2 percent, that is a 10 percent error in A. In
Table 5.we give the values of the parametérs and the deviations at
which the probability of obtaining a X2 greater than that obtained
with these parameters is 0.1. As expected the amount of the spectrum
used in the fit decreases, the parameter A becomes very poorly
determined. fhe precision with which WO can be determined is

decreased because of the poorer statistics, however, the result is

relatively insensitive to A. The signs associated with the
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Figure 22

Contour plots of Xz in the parameter space Wp, A using various frac-
tions of the beta spectrum. The axis of the ellipse becomes aligned
with the A axis when small percentages of the spectrum are used; and
the curves become more elongated. This is due to the fact that A is

determined essentially from the lower part of the spectrum.



TABLE 5

Parameter Values | Change in Parameter
£ 8 t Used
% of Spectrum Use for X2 = min Values at P(X“) = .1
W, A o~ PA
75 3.000 0.050 .0005 .002
50 3.000 0.050 .0005 - .006
25 3.000 0.050 .0006 .025
20 3.000 0.046 .0009 .035
15 3.000 0.037 .0010 .060
10 3.000 0.020 .0015 .10

Values of the parameters W, and A obtained from least squares fits

0
to various peréentages of the beta spectrum. The values in the last

two columns give the amount by which the parameters must change to

give a Xz whose probability is 0.1.
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deviations are meant to indicate that the correlation between WO and

A always is such that an increase in W, produces a decrease in A.

0

Hence, the errors involved are of a systematic nature.

In Fig. 23 we summarize a number of shape factor measurements

of P32. The shape factors have been linearized. The straight line is

drawn with a slope corresponding to the correlation between WO and A

obtained from the X? plots.
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Figure 23

A plot of various measurements of the shape factor of the beta decay

32 ‘
of P°°. The shape factors have been linearized by taking an average

value of 1/W. The errors are those of the authors, where
quoted. The straight line has a slope equal to the correlation

obtained from the Xz.
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APPENDIX ITII

SHAPE FACTOR FOR FIRST FORBIDDEN BETA DECAY
According to Ref.42 the beta spectrum shape can be written

NG = —t5 FO(Z,W)pW(WO-W)ZL (x ) C(W) dW (35)
21 or o0
where FO(Z,W) is the Fermi function of Ref. 33, r, is the nuclear

radius, and

1 2 2
L.(ry)) = (g_7(ry) + £,7(r ). (36)
60 =170 1
2p2FO(Z,W) 0
: az
c(W) can now be written to first order in § = 5 4as
' 0
2 2 2w
CW) = K~ + K~ + T (RyI, + K, J,) (37)
where
= ' - ZY (g1 g
Ry = CplelyYs! = Gy ( 2) (8 1o'D)
3
= 9..2.. 2 1 é 9‘.._% [T
JO = - ZCA ( 2) <g1 Ys) + 5 CA 2) <8_11_U_ £.>
az A '
= e Z4L 1 1 pal 3 i
K, = C,{8l &%) - G ( 2) (gjiX) + 1C, ( 2) (g g x L)
2 W '
2487, (22" T0 i g2
+ 73 Cv(z) 3g<g-1-—"i1_>
i, =-2¢ %2('a)+—-c A 'Aif) + 2 Z) (g )
17" 3% \ 2/ Y81 5 Oy \72) (8if a\T2) (BL2*E
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and

g (r) 2 4
51 () = 2o = ot + of (—) . a;';(r—) .

The notation (gé OB) for the nuclear matrix elements indicates that
the radial dependence of the Coulomb wavefunctions is to be included.
These matrix elements are tabulated in Table 6 . The matrix
elements (Q) are related to (iT) and (Q-le) through the continuity

equation. In the presence of the Coulomb field this is written,

. ze (3 1 [z \?
assuming V = T\ -2\
0

0,
2 ap
. =3(% iz v
9y (B3 E) ) @

where Jv is the space component of the nuclear beta current and;mv

——

is the time component. Forming matrix elements we obtain
2n 2n 2 W :
r az\ .~ [z lfr 0 L
oy L = = LS. - == — - =
(@ (ro) ) 3 ( 2) (1 £ (ro) [: 3 (ro) + 3¢ ) 5nO Af?

2(n-1)
.le (E_) | > (39)

L]
o
; .

fl
o

with 8n0

]
.—J
=}
“H.
o
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TABLE 6

Matrix Element KO JO K1 Jl

cA(yS) -.247 | -.240
az\ ,.

CA(——Z-) (ig-£) -~.186 | -.191

cV@) .255 | .254
oz (if)

Cv( 2) .099 | .102
az, A

CA.( 2) (g x £) .181 | .186
0z\2 o 2

CV( 2) (a 'r_l_) .023 | .022

lements for the first forbidden ground state decay of Tl

207
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APPENDIX IV

RESOLUTION AND ELECTRONIC NOISE

In the following we will assume that the frequency response
of the amplifying system is determined by a single integrating and

differentiating time constant. The gain of the system is then

2 2
T

0 1+ &FTZ)Z

G(w) = G (40)

where w is the frequency and T is the integrating and differentiating

time constant. The mean square noise voltage is then given by
0

v2 = [ v¥ () c@) do . (41)

All voltages will be referred to the amplifier input, and expressed
in terms of the equivalent energy of an incident particle which
in

would produce a pulse of this size by multiplying by W= C1n

being the input capacity and e the electronic charge.

Shot Noise
The shot noise due to grid leak currents and detector

currents is

(42)

'where-Id ~is the sum of the grid current and the detector current,

and w is the average energy required to produce an electron-hole pair.

The Johnson noise due to the input resistance Rg is
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1/f Noise

There is a component of the noise in tubes and transistors

wC, ,A
equal to Af/f. This contributes eln —% to the input noise.

Plate or Collector Shot Noise

The plate current drawn by tubes, or collector current

drawn by transistors, contributes to the noise

e g, 2T (44)

w 2
2 ( Cin) 2.5 kTe
0" =
where &, is the transconductance of the device, and Te is the
electron temperature.
The total input noise is now

2
2 - w\? (eId_l_kT T+2.5'kTe.Cin+f_f_CZ
tot e 2 2Rg g 2 T. -2 Tin

m

(45)
During these investigations the performance of several types of
amplifiers, including tubes and field effect transistors as the input
stage, has been éhecked. The best resolution obtained for electrons
was 3 keV with a field effect transistor input. Although cooling of
these transistors éﬁould reduce the noise level somewhat, we had

little success in efforts to improve the resolution with cooling.
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