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Abstract approved:

When a nucleus is in an excited state, it will decay to lower energy by
emitting photons.

Often there are several intermediate stages in a decay

cascade. Occasionally the photons in a cascade will be emitted in coincidence.
This will be resolved by the detector not as two distinct photons, but as a peak at
the sum of the photon energies. The probability of two photons being correlated
is determined by the angular correlation, W(S) which, in turn, carries information
about the spin states in the decay. We have developed a method in which we
can empirically measure W(S), and use this to derive the spin states of the decay.
By analyzing 6°Co (4+ - 2+ - O+) and

106

Ru (O+ - 2+ - O+) we calculate W(S) and

compare this to theory. Because the O+ - 2+ - O+ decay has a large value for
W(S}, this method can be useful in determining if this spin O+ decay is present in
nuclei with unknown decay schemes.
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Using Angular Correlation to Determine Decay Behavior in Nuclei
through the Analysis of Coincidence Sum Peaks.

Chapter 1: Introduction
The study of nuclear properties has occupied the attention of scientists for
more than the last fifty years. This area of research has primarily focused on the
decay properties of nuclei, both artificial and naturally occurring. The fruit of
these labors has led nuclear physicists to a greater understanding of the
mechanisms involved in the creation and decay of a variety of isotopes, and has
advanced research in such widely different fields as astrophysics and biomedical
physics.
One of the primary tools of analysis, for the nuclear physicist, is gamma
ray spectroscopy. Typically when an excited nucleus decays, the nucleus emits
a photon to release excess energy. These emitted photons have well-defined
energies that depend on the original isotope, called the parent isotope, and the
specific decay scheme of that isotope. In general, an isotope will emit photons at
a number of different energies, creating a characteristic spectrum for that
isotope. The structure of this spectrum helps nuclear physicists to determine the
constituents of a sample.
Some factors make it difficult to accurately analyze a sample. Not all
photon energies are emitted with equal probability. Some decay schemes occur
more often than others in a given nucleus. Each specific photon energy has
associated with it a branching ratio, which represents how often an isotope will
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emit that photon energy. Fortunately, if the constituents of a sample are well
known , these branching ratios can be experimentally determined and many of
these have been tabulated and published in the current literature. If a source is
unknown, or has impurities, then the resulting spectrum is the superposition of
the individual spectra of each constituent isotope, weighted by their relative
abundance in the sample. These can make for quite complicated spectra.
Another form of error comes from an inherent property of the detector. A
detector generally has a resolution time scale on the order of nanoseconds.
However, an individual decay of a nucleon typically occurs on the order of
picoseconds. The detector itself occupies only a finite solid angle, dn, and if an
individual decay sends photons with an angle dro < dn in a time less than the
resolution time of the detector, the detector will record an energy E1+E2 instead
of resolving the two photons of energy E1 and Ez. This results in a reduction of
the E1 and Ez peaks and creates another peak, called the coincidence sum peak,
at an energy E1+E 2. This coincidence sum peak, though, doesn't correspond to
a "real" gamma ray emission, and thus must be compensated for.
This effect, however, can also give the scientist important information.
Generally a nucleus will radiate a single photon isotropically, with no preferred
angle of emission. However, when a nucleus emits two or more photons in
cascade, there is the possibility these photons will be emitted in the same
direction. These photons are said to have a certain angular correlation. This
angular correlation, W(8), is defined as 1 for isotropic radiation, but varies
depending on the specific decay cascade of the nucleus. An isotope with a
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decay scheme of 4+ 7 2+ 7 O+ spin theoretically should have a W(O) of 1.1 and
those isotopes with a decay scheme of O+ 7 2+ 7 O+ spin should have a W(O) of
around 2.4. The number of counts detected in a coincidence sum peak is
proportional to the angular correlation, which is the motivation for setting isotropic
radiation W(9) to 1. In isotopes with the above decay schemes the coincidence
sum peak should be quite pronounced. Since the experimental values of W(9)
correspond to very specific decay schemes, we can use the value of W(9) to
determine the decay scheme of a nucleus whose decay properties are unknown.
Most articles on coincidence summing correction tend to neglect the effect
of angular correlation in their discussion, and no record of an experimental
investigation into the effects of angular correlation in the O+ 7 2+ 7 O+ decay
coincidence sum peak has been found. However, the pronounced effect, at least
in theory, of the O+ 7 2+ 7 O+ decay carries a strong signature of its presence in
a nuclear decay in the coincidence sum peak. The purpose of this experiment,
then, is to search for the effects of this angular correlation. We started with an
analysis of 6°Co, where the effect of angular correlation has been experimentally
verified 1. This isotope has the advantage of being well-documented with two
strong gamma rays. Unfortunately, this isotope has a 4+ 7 2+ 7 O+ decay and
thus has a theoretical value for W(O) of about 1.1. In order to validate the
existence of an increased coincidence sum peak, we needed to minimize any
other errors in the experimental procedure so that we could determine the
angular correlation to less than ± 0.1. These other errors include uncertainties in
the branching ratios or activity of the sample, uncertainty in the efficiency of the
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detector, and statistical variation in the counting of decays. Statistical variation is
inherent in the nature of radioactive decay, and in the case of 6°Co the branching
ratios and activity are very well defined. So, this first experiment helped to
improve the accuracy in our procedure for determining the efficiency of the
detector.
Next we used the same procedure, we honed with the 6°Co, on
106

106

Ru.

Ru has a decay scheme of O+ -7 2+ -7 O+ so has a theoretical value for W(O)

of 2.4. Unfortunately, the specific decay of interest in

106

Ru has a much smaller

branching ratio when compared to the 6°Co. This can be counteracted by taking
sufficiently long counts, a technique we can use on account of the long half-life of
106

Ru. Our goal, then, is to verify the existence of the sum peak, experimentally

calculate W(O) and compare it to the theoretical value. Evidence of this
increased coincidence effect can be a useful experimental tool for determining
the decay properties of isotopes that aren't well understood.

GAMMA RAY SPECTROSCOPY

Gamma ray spectroscopy is the analysis of the energy spectrum of
photons emitted from the nucleus of an atom. When a nucleus is in an excited
state it eventually decays to a lower energy, emitting a photon of well-defined
energy in the process. These photons are registered by the detector as a peak
in the energy spectrum of the nucleus. In general, a single isotope can have a
wide array of different energy levels, which correspond to complicated decay
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schemes and numerous energy peaks. Samples that consist of multiple
radioisotopes can be quite complicated indeed.
Table 1.2.1 shows the energy levels of 6°Co, which has a relatively simple
decay scheme. Looking at the energy levels, it is clear that with three excited
energy levels, there are 3! = 6 possible decays. Fortunately, nuclei tend to
preferentially decay along certain channels. Thus we introduce the branching
ratio, which tells us, given an ensemble of nuclei, what percentage will make a
certain transition. Table 1.2.1 also gives the branching ratios for the possible
decays of 6°Co. It is clear that 99.9% of the time we can expect to see an excited
nucleus decay from E3 to E1 emitting a gamma ray of 1173 keV and then from E1
to E0 emitting a gamma ray of 1332 keV. Figure 1.2.1 shows a typical gamma
ray spectrum for 6°Co.
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Table 1.2.1: Deca_ys in orrco 7
Ei (keV)
Et(keV)
2505.766
2158.64
2505.766
1332.518
2505.766
0
2158.64
1332.518
2158.64
0
1332.518
0

bit
0.076%
99.9736%
2.0E-06%
0.076%
0.00111%
99.9856%

E_dkeVl
346.93
1173.237
2505.766
826.28
2158.77
1332.501

Analysis of Figure 1.2.1 shows that we do see strong peaks at the energy
levels expected. In addition to the discrete energy peaks, we also see a
continuous energy distribution, which is called the Compton background.
Additional peaks also appear, some of which correspond to naturally occurring
radioisotopes like 4 °K. This still doesn't account for all the extra peaks. To do so,
we need to understand better the physics of the detector.

DETECTOR PHYSICS

We used as our detector an EG&G Ortec GEM series p-type Ge detector.
This is a coaxial detector with a non-active inner core.

In order to translate the

highly energetic photons emitted by the source, the detector relies on the
photoelectric effect. In this way, the photon interacts with a bound electron in the
semiconductor, creating electron-hole pairs. A large bias voltage sweeps these
electron-hole pairs into an electronic signal, the voltage of which is proportional
to the gamma ray energy.
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However, not all incoming photons will interact with the detector through
the photoelectric effect3. It is likely that an incident photon will Compton scatter
off an electron, losing some energy in the process. In fact, with high energy
photons it is likely that a photon will scatter several times before culminating in a
photoelectric event. If this photon scatters out of the detector, the detector will
register an energy much less than the initial photon energy. This is the cause of
the continuous distribution of energy seen in the spectrum.
A third method of photon interaction, prominent in photons of high energy,
is the creation of electron-positron pairs. The production of these pairs requires
a minimum energy of 1022 keV, twice the rest energy of an electron . Any
remaining energy is kinetic energy of the particles. These leptons will interact
with the matter of the detector, losing kinetic energy in the process until the
positron annihilates again into a pair of photons. These photons will carry away
whatever remaining energy the positron-electron pair had, and if one photon
escapes the detector, this will result in a peak of reduced energy. This becomes
the dominant form of interaction in photons with energy greater than 2 MeV.
Since this experiment examines processes with an upper threshold of around 1 1.5 MeV, we have neglected the effect of pair production in the gamma ray
spectra we have analyzed.
Finally, it is important to take into consideration the finite resolution time of
the detector. Nuclear decays have transition times on the order of picoseconds,
while the detector has a resolution time on the order of micro- or nanoseconds. If
two gamma rays enter the detector with energy of E1 and E2 within the resolution
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time of the detector, the detector will falsely read an energy of (E 1 + E2 ). Of
course, Compton scattering can also occur on one or both of the incoming
photons, causing the occasional reading with higher energy than either of the two
constituent photons.
A closer look at Figure 1.2.1 shows clearly the Compton background with
two strong peaks at the expected energies of E2

=1173 keV and E1 =1332 keV.

In addition, we see a peak at 2505 keV that corresponds to the coincidence sum
peak of E1 + E2. Finally, there are also smaller peaks at 2346 keV and 2664 _keV
that correspond to the energies E2 + E2 and E1 + E1 respectively. These
represent events where two photons of E1 or E2 from different nuclei interact with
the detector at the same time, which we will refer to as an accidental coincidence
peak.
Not every photon entering the detector is recorded as either a
photoelectric event or a Compton event. All detectors have a limited efficiency
that is dependent on the energy of the gamma ray. This efficiency measures
how transparent the detector appears to the incident photons, and measures how
likely a given photon is to interact with the detector.

In order to determine the

efficiency of the detector, we need to think about the physics behind radioactive
decays.

9

THEORETICAL BASIS

One key trait of a radioisotope is its activity, which is defined as the
number of decays per second. In gamma ray spectroscopy, it is useful to turn
this around, knowing that the number of counts in a peak is related to the activity
of the sample and the length of time in the count. In fact, there are two other
unitless quantities that are important in this calculation. The number of counts is
related to how often the isotope decays to a certain energy, which is defined as
the branching ratio. The efficiency of the detector also affects the number of
counts the detector will read. So, we define the number of counts:

(1)

N=Acbt

where N is the number of counts in the peak area, which we will refer to as the
count-area of the peak, A is the activity, b is the branching ratio, t is the length of
the count, and Eis the efficiency of the detector as a function of energy.
To determine the efficiency we first analyzed a calibration source. This
source was chosen under three criteria. One, the source needed to have a wellknown and verified activity. It also had to have a well-understood decay scheme
and branching ratios. It needed to have peaks that spanned the energy region of
interest. It was also preferable to have the source be relatively long lived for
financial reasons. Many sources exist that fulfilled these requirements and would
have made good calibration sources; for our purposes we used

152

Eu. This
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isotope had a good number of lines between 344 keV and 1408 keV, a
requirement for the energy region of our sample.
Once we had determined the efficiency of the detector, we could then use
this to find the activity of our target source. In equation (1) above, the count-area
and time are experimentally determined while our efficiencies have been
determined from our calibration run. Assuming the branching ratios are known, it
is straightforward to determine the activity of the sample. Since there is always
some uncertainty in the number of counts and efficiencies, there is a
corresponding uncertainty in the activity.

COINCIDENCE SUMMING EFFECTS

As explained above, because of the resolution time of the detector
occasionally the energies of two gamma rays will be recorded as a single
coincidence gamma ray. In fact, there are two different types of coincidence
summing effects. There is an "accidental" coincidence sum peak that comes
simply from two photons, from two different nuclei, being recorded as a
coincidence peak. Then there is an intrinsic coincidence peak that comes from
two photons of different energies being emitted in cascade by the same nucleus,
in the same direction.
Because a scientist is generally interested in the gamma ray peaks that
correspond to energy transitions in the nucleus, coincidence effects are typically
considered artifacts that need to be compensated for. As such, many methods
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are described in the literature in an effort to predict and quantify coincidence sum
effects. Using the method of Gehrke 4 et al., the observed area of a peak, which
is related to the number of counts, is given by

(2.a)
Thus, the observed area has a contribution from an actual gamma ray energy

(be3) and a coincidence sum term. Using the notation we started with, the above
expression becomes:
(2.b)

Here, the first term represents the contribution from an actual gamma ray with
energy E12- The second term is the coincidence term and depends on bett, the
effective branching ratio for the cascade transition, and W12(8}, which is defined
as the angular correlation of the nucleus.
The effective branching ratio, bett, represents the total probability of the
cascade occurring. In each of these experiments we looked at a two level
cascade from E2 to E1 to E0 . The branching ratio, b2, represents the probability
of the nucleus making a transition from E2 to E 1 from among all the possible
transitions the nucleus can make. In addition, we will define b' to be the
probability of transition from E1 to Eo from only the subset of nuclei with energy
E 1. Then the probability of the cascade decay,b eff, is simply the product of b2
and b'.
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ANGULAR CORRELATION

For our purposes, the angular correlation term measures the probability of
a nucleus to emit photons in a preferred direction. The theory of angular
correlation is rich and complex; we will limit our discussion to those parts of the
theory that are applicable to the experiments at hand.
While any single photon emitted from a nucleus will be isotropic in nature,
if two or more photons are emitted in cascade by a nucleus, there is a
relationship between the direction of the photons. This effect is called angular
correlation or directional correlation. There exists also a polarization correlation
which we are neglecting since our experiment is not suited to detecting the
polarization states of the photon. This angular correlation occurs because
direction of the photon is related to the orientation of the angular momentum, J1,
of the excited state of the nucleus.
Because of this dependence on the angular momentum of the decay
levels, we can express this angular correlation W(9) as an expansion over the
spherical harmonics. This has been done 5 to show that the angular correlation of
a two level decay with angular momentum J2, J1. and Jo

(3)

where 2 Lis the minimum of either 2 J 1, 2 11 and 2

b.

J1 represents the total

angular momentum of the intermediate stage while 11 and 12 represent the angular

13

momentum carried by each transition. In each of the decays we are looking at
L = 2. We also need to correct each term by the actual geometry of the detector.
With this, the angular correlation is given as

(4)

The factors ak are dependent on the angular momentum state of the transition for
each gamma ray in the cascade. These have been tabulated and can be found
in the literature. The Qk are determined by the source-detector geometry. A
method for computing these values is detailed by Krane 6• 7. The Fortran code in
that article has been translated into Java for the purposes of this experiment; this
code is in appendix A.II. The results of the Java code match the results listed by
Krane 7 to four figures, so should be sufficient for our purposes. Finally, the Pk
are the Legendre polynomials and give the 9-dependence of the angular
correlation. Since all our results are using one detector,

e = 0 andP k (0) = 1.

The purpose of this experiment is to look for this angular correlation, so we will
use as our theoretical value

(5)
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COINCIDENCE SUMMING IN °Co AND

106 Ru

Armed with this theory, we were then required to find nuclei that were well
understood and where we could expect to see the effect of angular correlation.
Our first requirement was to find decay cascades which have high theoretical
values for W(O}, i.e. large values for ak. Secondly, we wanted nuclei where the
cascade transition is dominant. Ideally we wanted isotopes where the transition
from E2 to Ea is forbidden and so the nuclei must decay in cascade. We found
both of these conditions hold in the decay transition from J2 = O+, J1 = 2+, Jo=
O+. Here, the nuclei cannot decay from a state J = O+ to state J

=O+ because

the photon emitted must take at least one unit of angular momentum. Thus, we
never see the E2 -7 Ea transition. Any peak we find in the spectrum with energy
E2 must be a coincidence peak. In addition, this decay has values for a2 =
0.3571 and a4 = 1.143. This gives a theoretical value for W(O) before the
detector geometry correction of 2.40. This effect should be quite noticeable.
106Ru has this decay cascade.
6

°Co also has a decay transition that should show the effect of W(O).

decays from a J 2

=4+ to J 1 =2+ to J 0 =O+.

6

°Co

Though the transition from E2 to Eo is

not expressly forbidden, the transition has a branching ratio of 2.0x10-6%, 8
orders of magnitude smaller than the branching ratios of the cascade decay. The
values of ak for this decay are a2= 0.102 and a4 = 0.009. This gives a theoretical
value for W(O) of 1.11 before the detector geometry correction. Since 6°Co has
been used historically as a calibration source, the decay schemes and branching
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ratios are very well known. Analysis of 6°Co for this effect should serve as a
good test of our procedure.

STATISTICAL METHODS

Nuclear physics relies heavily on the study of nuclear decays, which are
intrinsically random in nature. Concepts such as activity, decay rate, half-lives
and branching ratios tell us nothing when used to analyze a single decay. These
parameters describe the bulk properties of an ensemble of nuclei. Thus, these
tools are most effective when used on a large number of nuclei or a large number
of decays.
The model for nuclear decay, then, obeys Poisson statistics. Specifically,
the uncertainty in the values we use depend on the number of decays we are
analyzing by
var= (Nr

12
'

In most of this experiment we used the number of counts to determine the
variance. In most cases, we set the length of our runs to produce peak areas
greater than 10,000 counts, which gave us 1% statistics. Thus, all of our
numbers suffer from a ± 1% uncertainty just from the statistical nature of the
experiment.

(6)
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Chapter 2: Results

EXPERIMENTAL SETUP

For this experiment, we analyzed the gamma ray spectra of 6 °Co and
106

Ru. The detector used was EG&G Ortec GEM series p-type Ge detector. The

spectra were analyzed using EG&G Ortec MAESTRO (v. 5.10) software for
Windows. Calculations were performed using Microsoft Excel. This experiment
used only one detector with a source placed in front of the detector at distances
of 5 cm, 10 cm, 15 cm, and 20 cm. The entire experiment was enclosed in a
lead brick cave to minimize background radiation. Gridlines were drawn on
copper sheeting that lined the base of the apparatus and spacers were
constructed to ensure the accuracy of the source-detector distances.
At these distances, the Qk values needed to be calculated. A Java
application was written following the procedure in Krane 6 to calculate the Qk
values at the specific geometries dictated by the experiment. This application,
Q.java, was run and the results are listed in table 2.1.1. With these Qk values,
we can predict the values for W(O) for both

predictions are listed on table 2.1.2.

60

co and

106

Ru. These theoretical
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Table 2.1.1: Correction Values from Source-Detector Geomet_ry
Distance
02
5 cm_{_1000 keVl
0.7676
10 cm _{1000 keVl
0.9171
15 cm _{1000 keVl
0.9579
20 cm _{1000 keVl
0.9746
5 cm _(500
0.7321
10 cm _(500 keVl
0.9073
15 cm _(500 keVl
0.9541
20 cm_{500 keVl
0.9728

Table 2.1.2: Theoretical Predictions of WJ.01
Source
a2
02
wco-5cm
0.102
0.7676
ouco - 10 cm
0.102
0.9171
ouco - 15 cm
0.102
0.9579
ouco-20 cm
0.102
0.9746
106
Ru - 5 cm
0.3571
0.7321
106
Ru -10 cm
0.3571
0.9073
100
Ru -15 cm
0.3571
0.9541
100
Ru-20 cm
0.3571
0.9728

a4
0.009
0.009
0.009
0.009
1.143
1.143
1.143
1.143

04

04
0.3968
0.7459
0.8655
0.9173
0.3303
0.7183
0.8538
0.9116

0.3968
0.7459
0.8655
0.9173
0.3303
0.7183
0.8538
0.9116

WJ..01
1.082
1.100
1.105
1.108
1.639
2.145
2.317
2.389

Next, the efficiency of the detector needed to be determined. This was
done using

152

Eu as a calibration source. The gamma rays corresponding to the

4+ -7 2+ -7 O+ cascade in the 6°Co are at 1173 keV and 1332 keV. In the

106

Ru,

the gamma rays we were looking for are at 511 keV and 622 keV. In the region
of interest, we expect the efficiency, as a function of energy, to fit the function

eff (E) = A *E-m

8

(7)

or equivalently

In (eff) = In (A) -m ln(E)

(8)
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So we expect the logarithm of the efficiency to be linear in the logarithm of the
energy. The trick, then, is to use the

152

Eu (with known activity) to determine the

efficiency at a number of points around the region of interest. With those data
points (and uncertainties), we calculated a linear fit running through the region of
interest. This entails finding the coefficients b = In (A) and m. A method for this
is described in Krane 9 , which weighs the data points by their relative
uncertainties. This method also determines the uncertainty db and dm of the
linear fit. Since the effect we are looking for is small and highly dependent on the
efficiency, evaluating the precise uncertainty in these efficiencies is critical.
In the case of 6°Co, we chose to use the calibration peaks at 778.9 keV,
867.4 keV, 964.1 keV, 1112.1 keV and 1408.0 keV.

152

Eu was counted at

precisely the same distances as our target source - 5cm, 10cm, 15cm, and
20cm. These sources were counted for live times between 25200 seconds and
43200 seconds. This ensured that the smallest peak area was over 35,000
counts, which corresponds to a statistical uncertainty of around 0.5%. This
maximal statistical uncertainty occurred in the 964.1 keV peak at 20cm; these
statistical uncertainties were reduced to well below 0.1 % for closer
measurements and peaks with larger branching ratios. Using the method
described above and in Krane 9 , the efficiency equations were determined.
These results are tabulated in table 2.1 .3 and shown in figure 2.1.1.
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Fig 2.1.1: Efficiencies (800-1400 keV)
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Table 2.1.3: Efficiencies of the form A*E-m _{800 - 1400 keVl
Distance
A
dA
m
5cm
1.09
0.000276
0.757
10 cm
0.407
0.00045
0.754
0.204
0.000382
15 cm
0.750
20cm
0.119
0.000294
0.744

The region of interest for the

106

dm
5.21 E-06
2.28E-05
3.86E-05
5.10E-05

Ru required choosing different peaks to

develop a good linear fit. For this, we chose to use the calibration peaks at 344.3
keV, 411.1 keV, 444.0 keV, 586.3 keV, 778.9 keV, 867.4 keV, and 964.1 keV.
The 344.3, 867.4 and 964.1 peaks were very important to this line because all
three were relatively strong peaks in the spectrum, with branching ratios of
26.5%, 12.6% and 14.6% respectively. The other peaks had branching ratios
significantly weaker, between 2% - 5% except for the 586.3 peak. In the energy
region between 500 keV and 750 keV, there are only a few weak peaks in the
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Eu spectrum. Since the gamma rays we were interested in are in this region,

we needed at least one data point within the area of interest to ensure an
accurate linear fit. The strongest gamma ray in this region is at 563.6 keV with a
branching ratio of 0.489%. Unfortunately, this formed a doublet with the 566.4
keV peak. Instead, we chose the 586.3 keV peak with a branching ratio of
0.459%. Another complication in this energy region is the assumption that the
logarithm of the efficiency is linear. This assumption holds true for energies
larger than 200-300 keV. An efficiency graph 10 for regions near this area show
that the efficiency reaches a maximum at low energies and then sharply drops off
for smaller energies. Looking at our efficiencies, we found the data points to
follow a strongly linear trend. The slope of this line, however, varied more
strongly with distance than was witnessed in the higher energy calibration. The
efficiency equations are listed in table 2.1.4 and plots of the efficiency curves are
shown in figure 2.1.2.
Table 2.1.4: Efficiencies of the form A*E-m _{_300 - 900 keVl
Distance
dA
m
A
0.844
5cm
1.924
0.000147
10cm
0.808
0.586
0.000199
0.787
0.263
0.000153
15 cm
0.776
20cm
0.149
0.000116

dm
2.13E-06
9.49E-06
1.62E-05
2.18E-05
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Fig 2.1.2: Efficiencies (300-900 keV)
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°Co

We have introduced many of the concepts behind this experiment by
using 6°Co as an example. This has been useful for several reasons. Because
of its use as a calibration source, the properties of 6 °Co decay have been studied
in great detail. Also, as we have seen, its decay is relatively simple. One decay
cascade predominates and, according to theory, we expect to see the effect of
angular correlation in the coincidence sum peak.
6

°Co decays through beta emission with a half-life of 5.27 years into an

energetic 60 Ni nucleus, which is stable. After beta decay, the

60

Ni nucleus is in

an excited state with an energy of 2505 keV relative to ground and a spin of 4+.
There are several decay cascades in which the excited nucleus can emit its
energy, but the dominant channel entails first the emission of an 1173 keV
photon leaving the nucleus with an energy of 1332 keV and spin 2+. Then the
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nucleus emits a photon with 1332 keV, leaving the nuclei in the ground state with
spin O+.
We decided to analyze two 6°Co sources with different activities. If both
showed a similar value for W(O), we could be confident that we had indeed
spotted the angular correlation effect. We set a series of runs to obtain the
gamma ray spectra of both strong and weak sources at distances of 10 cm, 15
cm, and 20 cm. During this first experiment, the gain of the detector was set so
we could resolve up to a maximum of 2650 keV. Unfortunately, this experiment
gave us mixed results. Each source was counted for 86400 seconds - one day.
Table 2.2.1 shows the net count areas of the sum peaks and the statistical
precision given by those counts. Clearly, this data wouldn't be accurate enough
for our needs.

Table 2.2.1: Statistical Variance in first wco run
sam_QJe
N12
Stron_g_ 10 cm
42223
Stron_g_ 15 cm
11125
4550
Stron_g 20 cm
4014
Weak 10 cm
Weak 15 cm
1011
Weak20 cm
424

Statistical Variance
0.49%
0.95%
1.49%
1.58%
3.15%
4.86%

In addition to this, it was noticed in the spectrum of the strong source a
significant peak at 2346 keV, precisely twice the energy of the 1173 keV photon.
This would represent the coincidence summing of two photons with 1173 keV
energy from two different nuclei interacting with the detector at the same time.
We will note the count area at E1 = 1173 keV as N1 and the count area at E2 =
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1332 keV as N2. Coincidence effects coming from two different nuclei are
entirely uncorrelated, so if we see a peak at
peaks at roughly the same intensity at

E 12

E11

and

= E1 +

E 22 .

accidental summing effect we mentioned in §1.5.

E1,

there should also be

This is precisely the

E12

is our coincidence sum

energy, so we wouldn't be able to resolve which counts corresponded to
accidental sum events and which were true coincidence summing from a
cascade. A peak would then also be expected at

E22

=2664 keV, but our

detector wasn't set to read energies that high. So we redid the experiment with
longer runs, which would increase the number of sum counts, and with a
decreased detector gain so we can discern the E22 peak.
For our second cobalt run, we varied the run times depending on the
activity of the source and the source-detector distance. We also took data at 5
cm for each source. Table 2.2.2 shows the live times, count area of the sum
peak and the statistical variance for each data set. Clearly the results from the
strong source are well within 1% statistics and the results from the weak source
are within 2% statistics.
Table 2.2.2: Statistical Variance in second 6 °Co run
Source
Live-time__(secl
N12
Stron_g_ 5 cm
25200
76298
57600
25793
Stron_g_ 10 cm
151200
18390
Strong_ 15 cm
Stron_g_ 20 cm
259200
11627
Weak 5 cm
21600
6464
Weak 10 cm
140400
6077
2448
Weak 15 cm
216000
Weak20 cm
612000
2638

Statistical Variance
0.36%
0.62%
0.74%
0.93%
1.24%
1.28%
2.02%
1.95%
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Our first step in the analysis was to determine the activity of the 6°Co
sample by analyzing the E1 and E2 peaks. As discussed in §1.4, the count area
of the peak is

N;= A

E;

b;t

(9)

This is easily solved for the activity since we know all other values. Since we are
given in our spectrum an uncertainty in N, denoted dN, and from our efficiency
calculations we determined an uncertainty in

E,

denoted de, there is a

corresponding uncertainty in the calculated activities, dA

2
dA =A [(dN/N) + (dclE}2] 112

(10)

Here we assumed no uncertainty in the branching ratios. In the nuclei we were
interested in, db/b <<dN/N

=dc/E, so neglecting the uncertainty in the branching

ratio is an acceptable simplification. This isn't the only contribution to the
uncertainty in the activity. We have neglected thus far the coincidence effect that
is central to this experiment. Every coincidence event represents an intensity
loss from the constituent peaks. One can get a sense of the strength of this sum
0

loss effect by calculating the uncertainty in the activity using dN; = N 12 . In the
case of the strong source, where there was also an accidental coincidence peak,
we took dN1' = N12 + 2N11 and dN2' = N12 + 2N22. This is just an approximation,
the truth is more complicated. One or the other of the coincidence photons might
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Compton scatter, lose energy and then leave the detector; this is recorded in the
high energy Compton background and not in the sum peak. However, this still
represents an intensity loss of the main peaks. We assume that these
corrections are small and serve to cancel. The activities for each source along
with uncertainties from the count area and from the summing effect are tabulated
in table 2.2.3.

Table 2.2.3: Activ!!Y_ Ana!Y_sis of 6 °Co
Source
Activity_J_dec/sl
Stron_g_ 5 cm
104300
Stron_g_ 10 cm
105273
Stron_g_ 15 cm
106297
Stron_g_ 20 cm
107535
Weak5 cm
11151
Weak 10 cm
11259
Weak 15 cm
11042
Weak 20 cm
11215

dA Icount-areaJ
40
121
202
268
11
14
22
28

dA I summing]
692
233
168
106
52
50
20
22

Now that we determined the activity of the sample, with uncertainties, we
went about determining the angular correlation by looking at the intensity of the
sum peak. The intensity of the sum peak is given by

(11)

since we are only using one detector,

e = 0.

The effective branching ratio for this

cascade is simply b1 since after the transition all the nuclei at 1332 keV will
decay to the ground state. We had to choose the most accurate activity from the
ones tabulated; one that minimizes both the uncertainty in the count area and the
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uncertainty due to summing. We chose to use the 15 cm activity for the strong
source and the 20 cm activity for the weak source. Using these values for the
activity, the experimental values, with uncertainties, of the angular correlation can
be calculated. These are tabulated in table 2.2.4 along with a comparison to the
theoretical predictions.
Table 2.2.4: Angular Correlation of 0 °Co
Source
W(O) Iex_Q_erimenta[
Stron_g 5 cm
1.140
Stron_g_ 1O cm
1.124
Stron_g 15 cm
1.138
Stron_g 20 cm
1.132
Weak 5 cm
1.135
Weak 10 cm
1.093
Weak 15 cm
1.074
Weak20 cm
1.102

ANALYSIS OF

106
106

106

uncertainjy
0.004695
0.008241
0.01043
0.01390
0.01489
0.01613
0.02968
0.03839

W(Olltheoretica[
1.082
1.100
1.105
1.108
1.082
1.100
1.105
1.108

Ru

Ru has a half-life of 373 days and decays through beta emission to

Rh, which in turn decays to

106

Pd. This daughter nucleus is left in an excited

state, which has a number of channels in which to lose energy. The transition
that is of interest to this experiment is where the nucleus is in a state with spin O+
and at an energy of 1133 keV. A nucleus in this state will emit a photon with 622
keV, leaving the nucleus with energy of 511 keV and spin 2+. Then the nucleus
will emit a photon with the remaining energy, leaving the nucleus in the ground
state with spin O+. The transition from 1133 keV to ground is forbidden because
the transition from spin O+ to spin O+ is forbidden.

27

We went about this experiment in much the same way as we did for the
cobalt. Unlike the cobalt, the ruthenium spectrum is much more complex as
seen in figure 2.3.1. In addition, the specific transition we were interested in has
a relatively small branching ratio. However, theoretically the angular correlation
effect is significantly larger in this decay; W(O) is about 2.4 before correcting for
the source-detector geometry. This makes

106

Ru analysis a good determination

of the efficacy of our procedure.

1.0E07

1.0E06 '

1.0E05

c:::J
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10000
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0
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We took data from our 106 Ru source at distances of 5 cm, 1O cm, 15 cm,
and 20 cm. We set our run times to ensure acceptable statistics and the live
times and statistical variance is given on table 2.3.1. In all cases, we have
statistics better than 1%.
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Table 2.3.1: Statistical Variance in 100 Ru run
Distance
Live Time _{_secl
43200
5cm
86400
10 cm
162000
15 cm
518400
20cm

N12

60535
19219
10109
12198

Variance
0.41%
0.72%
0.99%
0.90%

Next we calculated the activity of the sample by using the count area of
the 511 keV and 622 keV peaks. As with the cobalt, there was a contribution to
the uncertainty in this activity that was due to the count area uncertainty. There
was also a contribution that was due to the sum loss effect reducing the peak
intensity. Because this decay has a greater angular correlation, we expected to
see a more significant uncertainty due to coincidence summing. Table 2.3.2
shows the result of this calculation with uncertainties from count area and
summing. Because the summing uncertainty is more pronounced and falls off
with increased distance, we can minimize the effect of coincidence summing by
using longer distances. However, the activity calculated at 20 cm seemed larger
than expected relative to the other values. This seemed suspicious, so we used
the activity determined at 15 cm for the remainder of this calculation.
Table 2.3.2: Activ!!Y_ Ana!Ysis of 105Ru
Source
5cm
85300
84541
10 cm
86012
15 cm
88173
20cm

dA I count-areal
42
55
70
78

dA I summing]
1195
495
271
169

After determining the activity of the sample (and uncertainty), we then
calculated W(O). We used the effective branching ratio, bett, which is the
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probability of transition for this cascade. The branching ratio for emitting a 622
keV photon (effectively, the likelihood of the nucleus having an energy of 1133
keV) is 9.93% . Once the 622 keV photon is emitted the nucleus has an energy
of 511 keV. The branching ratio for a nucleus with 511 keV making the transition
to ground is 100% - all nuclei in this state must make the transition directly to the
ground state. So, our effective branching ratio is 9.93%. Using this, table 2.3.3
shows the results for the angular correlation of O+ 7 2+ 7 O+ decay of 106 Ru
Table 2.3.3: An_g_ular Correlation of 106Ru
Source
W(O) [ex_Q_erimental]_
5cm
1.964
10 cm
2.131
15 cm
2.286
20cm
2.356

0.009126
0.02018
0.03764
0.04665

W_{_Olltheoretical]_
1.639
2.145
2.317
2.389
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Chapter 3: Conclusions

EVALUATION OF RESULTS

In an effort to be clear, I'll restate the results of both of these experiments
along with percent error. These results are stated on table 3.1.1.
Table 3.1.1: An_g_ular Correlation Results
Source
W_{Ollex_Qj
W_(_Olltheo_!Yl_
ouco Stron_g_ 5 cm
1.082
1.140
wco Strof"!9_ 1o cm
1.100
1.124
6
1.105
°Co Stron_g_ 15 cm
1.138
6
°Co Stron_g_ 20 cm
1.108
1.132
wcoweak5 cm
1.082
1.135
6
1.100
°Co Weak 1O cm
1.093
6
1.105
°Co Weak 15 cm
1.074
wco Weak 20 cm
1.102
1.108
100
Ru 5 cm
1.964
1.639
100
Ru 10 cm
2.145
2.131
0
iu Ru 15 cm
2.317
2.286
100
Ru 20 cm
2.356
2.389

Percent Error
5.34%
2.15%
2.91%
2.16%
4.93%
0.69%
2.89%
0.55%
19.85%
0.66%
1.31%
1.42%

Looking at these results we can see several trends. The 5 cm values tend
to have the greatest divergence from theory. There are several possible
explanations for this. In these calculations, we have neglected the coincidence
summing that occurs in our calibration source. Because

152

Eu has a relatively

complicated decay scheme, which gives us the numerous strong peaks that we
are looking for, it also suffers from both accidental and intrinsic summing effects.
This will be minimized at larger distances, but these uncertainties could have a
significant effect in our 5 cm values. We can compensate for this effect by using,
instead of 152 Eu as a calibration source, a number of different single-line sources
which would not have any summing effects. We could also use these single line
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sources that have peaks near the energies of the
sum loss fraction in the

152

152

Eu peaks to determine the

Eu. In a sense, we could use these sources to

"calibrate" our calibration source.
In addition, there were several assumptions that were made about the
detector geometry in order to determine the source-detector geometry
corrections. The applet Q.java requires five input parameters to determine the
geometry; the length of the detector, the outer radius, the radius of the dead
inner core, the length of the dead inner core, and the thickness of the dead
endcap. The specifications of the detector only gave three of these values and a
rough schematic (figure 3.1.1 ). The values for the inner radius and the length of
the dead core were determined by assuming figure 3.1.1 was drawn to scale.
There is no basis for this assumption, however. As the source-detector distance
increases, the uncertainty on the inner geometry becomes smaller. But these
assumptions can have a great effect on the uncertainty of the 5 cm data values.
dd=07mm
I

/f\
R=29mm

l\V
d = ??

D=64.l mm

Figure 3.1.1: Detector Geometry

1
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It should be kept in mind that the small uncertainties in the weak 6°Co
source should be considered coincidental. These values are still limited by the
statistical error of the counts, specifically 2% for the weak source and 1% for the
strong cobalt and ruthenium sources. Looking at the results, we can also see
that the values for the strong 6°Co source suffer from a systematic error that
increases the observed angular correlation. It is still unclear as to why this is the
case. Even with all these uncertainties, the experiment has shown what it set out
to do. Both the 6°Co and

106

Ru show an angular correlation value quite different

than unity and, neglecting the values at 5 cm, the observed values are around
2% of what the expected values are for these decays.

APPLICATIONS

We have shown that the effects of a large angular correlation can be
observed and calculated relatively easily through the use of a single detector.
Because of this, it takes very little overhead for a scientist to observe this effect in
a sample of unknown composition or an isotope that has a decay scheme that is
unknown. Using this technique, one can determine the value for W(O) to good

precision . The actual value of W(O), in turn, reveals important information about
the spin states of the various transition levels in the decay. These can have
important theoretical implications and also help to clarify the decay behavior of
isotopes that are not well understood currently.
One way of using this method is by first analyzing the gamma ray
spectrum of an isotope that is known but whose decay behavior is enigmatic.
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This spectrum will reveal peaks that correspond to single transitions, and
coincidence peaks that correspond to cascade transitions. The scientist should
keep an eye out for accidental coincidence peaks, which should show
themselves as anomalous peaks of energy E1 1 and E22 . For best results, the
scientist should target coincidence peaks for transitions that are either minor or
prohibited. If the dominant transition is E2 to E0 , the coincidence peak will get
lost in the peak corresponding to the actual transition. From the intensity of the
coincidence peak, a scientist can easily determine the value for W(O) by following
the arguments of this experiment. A value of W(O) significantly different from
unity will imply the spin states at the transition levels.

FURTHER EXPLORATION

There is still more research required in order to refine this procedure. As
mentioned above, some alterations to the procedure will be required to get
accurate results for the 5 cm measurement. The accuracy is improved at further
distances, but sometimes a measurement might need to be made close to the
detector. Measurements near the detector will see an increased coincidence
summing effect, which will mean shorter runs will net more counts and better
statistics. This is particularly important in nuclei with short half-lives in which
short runs will be a necessity. Improving the accuracy of this procedure at small
source-detector distances will be required in order to increase the robustness of
this method. This refinement will culminate over the summer with an analysis of
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Tc.

100

Tc has as one of its decays a transition much like

show a particularly strong coincidence effect. However,

106

Ru, which should

100

Tc only has a half-life

of 15 seconds, which will limit us to short runs and small source-detector
distances. Refining this experiment to get accurate results for short half-life
isotopes like

°Tc will be a validation of this method, since many of the more

10

enigmatic isotopes have notoriously short half-lives.
In this experiment we only looked at two specific, two-level decays that
produced coincidence peaks at energies E1 + E2 . These aren't necessarily the
only decays that are interesting or observable.

10

BmAg has a three level decay

cascade of 6+ -7 4+ -7 2+ -7 O+ spin which forms coincidence peaks at (E1+E2),

(E2+E3), and (E1+E3) and a triple sum peak at (E 1+E 2+E 3). The physics of the
triple sum peak is slightly different than double sum peaks, and the intensity of
these triple sum peaks falls off much more dramatically with distance than do the
double sum peaks. Thus, having a procedure that is accurate at small sourcedetector distances will be important for analyzing this decay as well. Finally,
110

Ag has an interesting decay which has a theoretical value for W(O) less than

unity. This spectrum will show a reduced coincidence sum peak as opposed to
the increased sum peaks that we have seen thus far.
Developing this analysis gives another tool for nuclear physicists in the
quest for understanding the properties of the myriad nuclei in nature. In addition,
it opens up new research in analyzing different decay cascades and determining
the effects of angular correlation in these nuclei. This research can only increase
our knowledge of the wide variety of isotopes that inhabit the periodic table.
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Appendix A.I

Relevant Nuclear Data*

soco:
Half-life:
5.2714 5 years
Gamma Rays from 6°Co
Ey (keV)
by (%)
346.93 7
0.0076 5
826.06 3
0.0076 8
1173.237 4
99.9736 7
1332.501 5
99.9856 4
2158.57 10
0.00111 18
2505
2. OE-6 4

Half-life:
373.59 1&fays
106
Wdecay to Rh
106Rh:
Half-life:
29.80 8 seconds
106
Gamma Rays from
Rh
Ey (keV)
by(%)
428.56 9
0.0706 22
434.25 21
0.0202 20
439.19 26
0.0126 20
511.842 28
20
578.38 9
0.0084 8
616.17424
0.758
621.94 3
9.93 12
680.22 8
0.0110 6
684.80 20
0.00551 20
702.8 10
0.00029 18
715.90 20
0.0100 4
717.24 6
0.0065 4
751.30 20
0.00108 22
873.48 4
0.439 6
942.6 4
0.00057 14
1045.83 8
0.0133 16
1050.39 5
1.56 3
1062.14 5
0.0320 4
1108.76 12
0.00592 20
1114.48 5
0.011818
1128.00 6
0.404 6
1150.20 20
0.00306 20
1156.28 12
0.00016 12
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Half-life:
13.537 6 years
Gamma Rays t from 152 Eu
Er (keV)
344.2785 12
411.1163 11
443.965 3
586.2648 25
778.9040 18
867.378 4
964.079 18
1085.869 24
1112.074 4
1408.006 3

by (%)

26.5 4
2.234 4
2.821 19 + 0.327 19
0.459 5
12.942 19
4.245 19
14.605 21
10.207 21
13.644 21
21.005 24

Data obtained from Lawrence Berkeley National Lab at http://ie.lbl.gov/toi/
t Only gamma rays used for calibration are shown.

*

38

Appendix A. II Q.Java

I****************************************************
** Q.java - written by Werner Hager c.2004
**
** modified from Fortran 77 code by Dr. Ken Krane **
**
** to determine Q factors for Angular Correlation
** based on detector of cylindrical geometry
**
** with active endcap over dead cylindrical core
**
****************************************************I

**

**

import java.io.*;
public class Q
{

II

Set Detector Geometry to be view by rest of program

private
private
private
private
private
private
private

static
static
static
static
static
static
static

double
double
double
double
double
double
double

50.;
dLen
II detector length
20.0;
oRad
II outer radius
5.;
iRad
II inner radius
deadLen = 30.0;
II length of dead core
deadExt = 1.;
II thickness of external dead area
dist
50;
II source distance
effD = dist+deadExt;

public static void main (String args[]) throws FileNotFoundException, IOException
{

false);

PrintWriter result = new PrintWriter(new FileOutputStream("resulttest.dat"),
double tau= 0.00927;
int k;
double [] bound= new double [5];
int i, j;
double beta;
int n = 101;
double [] J =new double [3];

II
II

absorption coefficient of gamma
order parameter

II
II
II

incremental angle
number of interation points
Values for JO J2 and J4

II

B (bound);
for
{

(i=O; i<3; i++)

II Find even order values of J[k)
k=i*2;
J[i] = Integ(k, n, bound, tau);

double Q2
double Q4

result.close();

public static void B(double [] bound)

II

(up to order 4)

J[l]IJ[O];
J[2]IJ[O];

result.println(dist+" mm");
result.println("");
result.println("Q2 = "+Q2);
result.println("Q4 = "+Q4);
result.println("");

{

set boundaries

Set Boundary Conditions

II

output to file 'result.dat'
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bound
bound
bound
bound
bound

[0]
[1]
[2]
[3]
[4]

0.0;
Math.atan2(iRad, (effD+dLen));
Math.atan2(iRad, (effD + dLen - deadLen));
Math.atan2(oRad, (effD + dLen) );
Math.atan2(oRad,effD);

public static double P(double beta, int k)
{

II

Returns Legendre Polynomials

double lp;
switch(k)
{

+0.375;

case 0:
lp = 1;
break;
case 1:
lp = Math.cos(beta);
break;
case 2:
lp = 1.5*Math.pow(Math.cos(beta),2) - 0.5;
break;
case 3:
lp = 2.5*Math.pow(Math.cos(beta),3) - 1.5*Math.cos(beta);
break;
case 4:
lp = 4.375*Math.pow(Math.cos(beta) ,4) - 3.75*Math.pow(Math.cos(beta),2)
break;
default: lp

1;

return lp;
public static double Chi(double beta, double [] bound)
{

II

Determine path length through detector

double path;
if (beta<= bound[l]) {path= (dLen-deadLen)IMath.cos(beta);}
else if (beta<= bound[2]) {path
(effD + 2*dLen - deadLen)IMath.cos(beta) iRadlMath.sin(beta);}
else if (beta<= bound[3]) {path
dLenlMath . cos(beta);}
else if (beta<= bound[4]) {path
oRadlMath.sin(beta) - effDIMath.cos(beta);}
else path= O.;
return path;
public static double Integ(int k, int n, double [] bound, double tau)
{

II
II

Integrate the J[k] integral using Simpson's rule
even checks if n is even or odd --- weight can be 1, 4, or 2 by Simpson's rule

int i, j, even, weight;
double sum= 0.0, beta;
double term, bmin, bmax, db;
for (j=O; j<4; j++)
{

term
0.0;
bmin
bound[j);
bmax
bound[j+l);
db= (bmax-bmin)ln;

II

integrate over n points for each of 5 regions

II
II
II
II

initialize each term
set lower bound
set upper bound
set spacing

for (i=l; i<=n; i++)
{

beta = bmin+i*db;
even= (il2)*2;
if (i==l I I i == n) {weight = 1;}
else if (i ==even) {weight= 4;}

II

Find Simpson weights

40

else weight

=

2;

II f(beta) = P(cos (beta))*sin(beta)*(l-exp(-l*tau*chi(beta))
II Note calls to P and Chi to determine Legendre Polynomials and Path

Length
bound)));

term= (weight*dbl3)*P(beta, k)*Math.sin(beta)*(l-Math.exp(-l*tau*Chi(beta,
sum += term;

return sum;

