
DEPARTMENT OF PHYSICS 1

Detection of uranium fission products through
neutron activation

August Barot, Mikael Andersson

Advisor: Torbjörn Bäck.
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Abstract—Uranium compounds are used in many nuclear
power plants, and the neutron-induced fission reactions produce
many decay products. Some of these are of interest from an
efficiency or safety point of view. For this reason, it is important to
quantitatively and qualitatively know these nuclides.The objective
of this study is to experimentally determine these properties
through neutron activation and gamma ray spectroscopy. Using
a germanium semiconductor detector, gamma rays emitted from
fission daughter isotopes produced from neutron irradiation of
a uranium sample are measured. The resulting spectra are
analyzed, proving the existence of fission daughter isotopes in
the specimen. The data also provides experimental estimations
of initial half-life of these isotopes.

I. INTRODUCTION

DETERMINING the content of a sample through the
use of neutron activation requires a source that is

moderated by water to provide a flux of thermal neutrons. A
252Cf source is used to irradiate a uranium nitride specimen,
causing several fission processes which yield gamma rays.
Detection is conducted through gamma ray analysis using a
germanium semiconductor detector operating at 77 K. This
device measures electrical impulses caused by electromagnetic
waves primarily through the photoelectric effect. The nature
of the reactions makes the complete analysis elaborate, and
a theoretical proportionality model is useful to relate the
properties such as the resulting spectra and the sample content
to each other.
In the model the source neutron flux is approximately
known, and a model of neutron diffusion in water is used.
Since the specimen mass as well as the neutron capture
cross sections of the isotopes 235U and 238U are known,
the number of nuclide irradiations per unit time can be
estimated. Knowing the half-lives and reaction processes of
the nuclides, an estimation of the number of emitted gamma
rays per unit time is made possible. A spherical geometry
flux approximation is used in relation to the germanium
detector geometry, which together with the attenuation
coefficient of the detector gives an estimation of the number
of photoelectric reactions per unit time. These properties
are analyzed through an efficiency calibration. This gives
a quantitative approximation of the registered gamma ray
counts.

The method is useful for trace amounts of nuclides, po-
tentially allowing measurement of many different elements,
including specimen contamination nuclides.

II. NEUTRON ACTIVATION THEORY

When exposed to a neutron flux, nuclei can capture and
interact with neutrons. The rate of capture of an isotope
sample is determined by the neutron capture cross section
which depends on the isotope as well as on the kinetic energy
of the flux. Unstable isotopes generated by this method will
decay and deexcite with photon emission of well defined
energy levels (gamma radiation) as a result. Studying these
characteristic photon energies allows identification of the
isotopes generated by the neutron activation and thus of
the sample composition itself. The quantitative analysis

results from the amount of isotopes generated during a
neutron activation, and thus also from the intensity of the
characteristic photon energy levels measured in the detector.
These are proportional to both the neutron capture cross
section of the parent isotope as well as the amount of parent
isotopes in the sample. To increase the capture rate during the
activation through neutron moderation, the uranium sample
and the neutron source are separated by 5 cm of water.

A. Mathematical model of the neutron activation process

To understand the relation between the different variables
and to summarize the mechanics at work, a theoretical
model is used to relate the variables of the experiment to the
quantitative results. The model used is the following:

A neutron source releasing S neutrons per second is
known. The goal is to know how many gamma rays will be
emitted by the specimen, as well as how many gamma rays
will be registered by the detector.

1. Calculation of the neutron flow per unit area
The neutron flow Φ per unit area at a given distance r from
the source is given by the following equation[8].

Φ(r) =
Se−r/L

4πDr
(1)

Here S is the total flow per second from the source, L is
the diffusion length, and D is the diffusion coefficient.

2. Calculation of neutron absorption of the specimen
This flow will hit the specimen of mass m. Note that m may
be an effective mass if the specimen is impure (the mass of
the active substance in the specimen). If this is the case, a
calculation of m = m0q is required, where m0 is the total
mass and q is the (mass) concentration of active substance.
The mass m corresponds to n number of atoms, where n is
given by

n =
mNA
M

(2)

Here NA is Avogadro’s number and M is the molar mass of
the substance.

Furthermore, the effective cross section area A0 of the
specimen is given by

A0 = na =
mNAa

M
(3)

where a is the absorption cross section of the substance for
thermal neutrons.

To calculate the probability that a neutron which hits the
specimen is absorbed, the quotient

s =
A0

A
=
mNAa

MA
(4)

is calculated, where A is the area of the specimen surface.
The number of neutrons hitting the specimen per second is
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given by ΦA, which is equal to Se−r/L

4πDr A. This means that the
average number of absorbed neutrons per second is equal to

ΦAs =
ASe−r/L

4πDr

mNAa

MA
=
Se−r/LmNAa

M4πDr
(5)

This product will be referred to as T .

3. Calculating the number of emitted gamma rays
Every time a neutron is absorbed a new,usually radioactive,
atom is formed. In this case the atom’s decay constant
(retrieved for specific cases from NuDat [4]) will be known
here as λ. Depending on the process of interest the specific
nuclide may not always be formed. This fact requires an
insertion of a quotient qnuclide. In the fission case qnuclide is
the fission yield (see below).

Therefore, calling the number of generated atoms N , this
yields the differential equation[5]

dN

dt
= −λN + Tqnuclide (6)

This equation can be simplified by assuming dN
dt = 0

(stationary state), which yields Tqnuclide= λN and therefore
N = Tqnuclide

λ . Of course, the differential equation only works
if the first isotope in the decay series is the one of interest[5], in
other cases more complicated models (e.g. equation systems)
are required.
If the equation is not simplified, its solution reads as follows:
N(t) = Tqnuclideλ(1 − e−λt)

This number will be known as N0. This is the number of
atoms in the specimen when a balance between the neutron
flux creating new atoms of the isotope and the natural decay
of said isotope has been achieved. The requirement for the
simplification of the differential equation to be accurate is that
steady-state has been reached, which requires the measurement
time t0 to be significantly longer than the isotope half-life.
As seen below, this is generally not the case. Therefore, the
formula N0 = N(t0) = T

λ (1 − e−λt0) will be used in the
calculations.Note that as t0 tends to infinity, this formula tends
towards the steady-state formula.

Once the specimen is removed from the neutron flow the
above described balance will be shifted. The atoms will decay
according to the formula

N(t) = N0e
−λt (7)

Let t1 be the time that it takes to remove the specimen from the
neutron source and put it in front of the detector. According
to formula (7) the number of atoms present in the specimen
at the start of the measurement will then be N1 = N0e

−λt1 .
Let t2 be the measurement time.The parameter of interest

is the number of gamma rays emitted during this time. The
number of atoms that have not decayed after this time will
be equal to N2 = N1e

−λt2 . This means that the number
of decayed atoms during this time is N1(1 − e−λt2), which
corresponds to the total activity. The number of emitted
gamma rays will be equal to this number multiplied by a

quotient factor qγ , corresponding to the fact that not all decays
cause emission of the specific gamma ray.
Let us call the number of emitted gamma rays Z0, therefore
yielding

Z0 = N1(1 − e−λt2)qγ = N0(e−λt1 − e−λ(t1+t2))qγ (8)

4. Calculation of the number of gamma rays that hit
the detector
With Z0 known the next objective is to determine how
many gamma rays the detector will actually register. An
assumption that the specimen can be considered a point
source is made (requiring a fair distance from the detector).
The approximation that the rays will be evenly distributed on
a sphere of radius X , the distance between the detector and
the specimen, is then used. Therefore the number of gamma
rays reaching the detector will be given by

Z1 = Z0
Adetector

4πX2
(9)

where Adetector is the detector’s surface area (assumed to
be perpendicular to the gamma rays). With the value of Z0

(calculated above) inserted in this formula, the full formula
for the number of gamma rays reaching the detector reads as
follows:

Z1 =
Se−r/LmNAa

M4πDrλ
qnuclide(1−e−λt0)(e−λt1−e−λ(t1+t2))qγ

Adetector
4πX2

(10)
The number of registered gamma rays will not be equal to

Z1, due to the properties of the detector. The corresponding
calculations can be found below, under section IV.
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III. FISSION YIELDS

The fission yield is a measurement of how often nuclei of a
given atomic mass are created when fission of a uranium nu-
cleus is carried out. Since two fission daughters are produced
in the reaction, the entire yield is defined as 200 %, not 100
%.The following graph describes the fission yields for each
atomic mass in the region of interest, where the value of the
yield is taken from Ref.[9]:

Fig. 1. Fission yields as a function of atomic mass

IV. DETECTOR SETUP

The detector requires the use of liquid nitrogen to reach its
operational temperature of 77 K. The amount of nitrogen lasts
for approximately one week before replenishment is necessary.
The variation in the environment, including slight voltage
variation in the detector during the measurement sessions,
requires post capture gain and amplification adjustments of
the resulting spectra. After the neutron activation has taken
place the sample is positioned in front of the detector at a
5cm distance along the cylindrical axis of the detector. The
efficiency of the detector is proportional to the attenuation
of the photons in the germanium crystal which is in turn
approximately proportional to the energy level of the photons.
The efficiency calibration means detailed calculations of these
properties are unnecessary in the experiment (see below),
although they are still of theoretical interest. The calculations
are as follows:

The attenuation coefficient for germanium is retrieved from
Ref[1], where it is given per density in cm2/g. This value is
multiplied by the density of germanium (5.323 g/cm3) to get
the attenuation coefficient µ, which is then multiplied by the
thickness x of the detector, yielding the attenuation value. By

definition the expression e−µx is then calculated to obtain the
quotient of photons that pass through the germanium, meaning
1 - e−µx gives us the quotient of absorbed photons. Multiply-
ing this expression with the number of incoming photons per
second subsequently yields the number of registered photons.
Mathematically the expression becomes

Z2 = Z1(1 − e−µx) (11)

To use this formula, the Z1 from the calculation in part II
is used. Finally a factor k (usually about 0.1) is inserted in
the formula to account for various phenomena such as the
Compton scattering effect. This factor will vary depending
on the wavelength of the incoming gamma ray. For instance,
gamma rays of energies between 50 and 250 keV are signif-
icantly more susceptible to this phenomenon[12]. This factor
also accounts for pair production in the high-energy gamma
ray case. Pair production will not occur unless the gamma ray
has an energy greater than 2× 511 keV = 1022 keV. The full
formula (including the k factor) for the number of registered
counts, Z3, then becomes

Z3 =
Se−r/LmNAa

M4πDrλ
qnuclide(1−e−λt0)(e−λt1−e−λ(t1+t2))qγ

Adetector
4πX2

(1−e−µx)k

(12)
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V. CALIBRATION

In order for the measurement to be efficient,a detector
calibration is required. Calibration is conducted by measuring
gamma rays of known energy emitted by specific nuclide
specimen.Furthermore, a background calibration is necessary
to account for external radiation. The half-lives of fission
and decay products make measurements of several hours
necessary (as a shorter measurement time yields a negligible
decay count). Due to the main objective being fission product
measurement, a calibration accounting for natural 235U and
238U decays is also required for accurate results.
To gain a reference point for measuring the energy levels a
session of calibration measurements are performed. A series
of reference samples with known age and decay photon
energy levels found in table II is used for this task. From
the half life of these isotopes a measurement of the current
activity is acquired, which along with the spectra resulting
from exposing the detector to the respective isotopes for a
given period provides the means of calibrating the efficiency
of the detector.The efficiency depends on the wavelength
of the incoming gamma ray, as described in the formula
above. This calibration will account completely for this
dependency. For this reason, calculations on the subject based
on attenuation coefficients (see above) are unnecessary. This
is an advantage since the model described above is imperfect
especially with regards to the geometrical approximations.
Note that the model for the initial isotope amount N1 is still
necessary.

The following table lists the estimated activities for the
four calibration isotopes. Since not all decays cause emission
of the gamma ray of interest, the estimated activity is given
for the specific gamma ray(s).

TABLE I
CALIBRATION ISOTOPES AGE,ACTIVITY AND ENERGY PEAKS USED IN THE

CALIBRATION

Isotope: Activity Measured at Energy levels Activity of energy levels
estimated on 2 March 2016

60Co 432kBq December1st1994 1173 keV, 13kBq keV 26kBq (1173 keV), 26410 (1332 keV)
137Cs 422kBq December1st1994 662 keV 220kBq
241Am 463kBq October1st1988 60 keV 159kBq
133Ba 386kBq December1st1994 356 keV 59kBq

This calibration will, for a pointlike source, provide a direct
correlation between the intensity of a given energy level in the
spectra and the activity of the sample. Knowing the half-life
of the isotopes in question the yield is then acquired.
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Fig. 2. 5 minute spectra of 241Am.

Fig. 3. 5 minute spectra of 137Cs.

Fig. 4. 5 minute spectra of 60Co.

Fig. 5. 5 minute spectra of 133Ba.
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A calibration on the form of a second degree polynomial
is performed in order to determine the relation between the
detector channels and the energy levels. The polynomial is on
the following form:

f(x) = a ∗ x2 + b ∗ x+ c (13)

where a,b,c are constants, f(x) is the energy level, and x is
the detector channel. The constants are depicted in table 3.

TABLE II
ENERGY CALIBRATION PARAMETERS

coefficient value
a 2.1 ∗ 10−6

b 0.524
c 2.782

VI. RESULTS

After the above described calibrations were carried out,
the actual neutron activation and subsequent measurements
were conducted. Measurements were done in different time
intervals to account for the variation of the product nuclide
half-lives, although time constraints rendered certain nuclides
undetectable in this experiment. The process resulted in graphs
describing energy distribution among registered gamma rays.
Energy peaks corresponding to specific nuclides were subse-
quently localized in the data.

As the timespan during which the different measurements
take place was considerable, adjustments were performed on
the background due to the time dependency of the detector
properties. Comparison of experimental results with theoretical
estimations by using knowledge of uranium fission decay
reactions then completed the analysis.

A. Measured data

After a 24h exposure to the neutron source in water
two measurement sessions were conducted, one consisting
of 151 measurements of 600 seconds each (totalling 25h),
the other consisting of 117 measurements of 3600 seconds
each (totalling 117h) following the previous one. The data
presented in figures 6 to 21 was calculated from the average
over these two intervals and a reference background of the
uranium sample. By conserving the identity of the individual
short interval measurements a study of the intensity decay
is possible, proportional to the decay of the corresponding
isotopes.

The lower end of the spectrum, corresponding to energies up
to 250-300 keV, is heavily influenced by Compton scattering
and the characteristic X-rays of the lead shielding around the
laboratory equipment. A peak at 511 keV from pair production
is also present.
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B. Analyzed peaks

Over 60 peaks were retrieved. However, most of these were
not optimal for analysis. In order for a peak to be a good
candidate (that can be attributed to the decay of a specific
isotope), the three criteria high fission yield, appropriate half-
life and distinct decay gamma rays must all be fulfilled. If the
fission yield is low, few specimen of the certain nucleus will
be produced, making the nucleus detection difficult. It must
be stressed that the yield given here is the total yield of nuclei
of the certain mass number. Since nuclei of longer half-lives
than the detector can measure may directly be created in the
fission process, these nuclei (which are counted in the yield
measurement of Ref.[9]) will not be experimentally detected,
which causes an error in the experimental yield value (see
the error discussion of section VII below).

As stated above, the detector will not measure gamma
rays from nuclides with inappropriate half-lives. The reason
for this is the measurement time. A nuclide with a half-life
significantly longer than the measurement time will not
decay to a substantial extent, meaning the number of gamma
rays emitted by such decays will be insufficient for a clear
registration. If the nuclide instead has a half-life significantly
shorter than the measurement time, it will have decayed
completely before any clear gamma ray registration can be
made.

Furthermore, even if a nuclide has an appropriate half-
life and a high fission yield, it may not emit gamma rays
often enough (per decay) for it to be detectable, or the rays
may have an energy similar to that of the Compton scattering
background, making detection difficult.

The gamma ray peaks that were selected for analysis on the
basis of the criteria described above can be found in table III.

TABLE III
CANDIDATE NUCLEI SELECTED FOR SPECTRUM ANALYSIS

Isotope Yield(%) Half-life Energy(Frequency)
97Zr 5.971 16.8 h 743.36 keV (93.09%)
92Sr 5.979 2.71 h 1383.93 keV(90%)
91Sr 5.866 9.5 h 1024.3 keV(33.5%),

749.8 keV(23.7%)
135I 6.535 6.61 h 1260.409 keV(28.7%),

1131.511 keV(22.6%)
143Ce 5.939 33.0 h 293.266 keV(42.8%)
142La 5.796 1.54 h 641.285 keV(47.4%),

2397.8 keV (13.3%),
2542.7 keV (10.0%)

133I 6.609 20.8h 529.872 keV(87.0%)
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In order for the results to be of interest it is appropriate to
calculate the theoretical activities and amounts of the isotopes,
using the formula for N0 found above. The parameters needed
in the formula can be found in table IV.

TABLE IV
PARAMETERS FOR THEORETICAL CALCULATIONS

Parameter Explanation Value [Unit]
S Neutron Flow 107 [s−1]
r source-specimen distance 5 [cm]
m0 specimen mass 6.4 [g]
m specimen uranium mass 6.04 [g]
M uranium molar mass 238.028910 [g mol−1]
NA Avogadro’s constant 6.022*1023 [mol−1]
a U235 fission cross section 584.994*10−28 [m2]

q235 uranium U235 quotient 0.72%
L neutron diffusion length 2.763 [cm] [10]
D neutron diffusion coefficient 36340 [cm2s−1] [11]
t0 Neutron activation time 23 [h]
t1 see mathematical model above 40 [s]
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Using the formula (5) above and the parameters in the
table, a T value of 640.94902 s−1 is obtained. With the given
half-lives of the candidates and their fission yields the nuclide
activity at the start of the measurements can be calculated as
follows:
With T known, we have N1 = Tqnuclideλ(1 − e−λt)e−λt1

according to formula (7) above. This amount will decay
according to the formula dN

dT = −λN . The activity is equal
to abs(dNdT ) = λN1. It is important to note that this formula
assumes that the nuclides in the decay chain prior to the
nuclide of interest have half-lives significantly shorter, so their
decays can be considered instant. For the candidate nuclides,
this approximation is fairly reasonable. An example is 97Zr -
the nuclide in the decay chain immediately before it, namely
97Y, has a half-life in the order of seconds[9], while 97Zr
itself has a half-life of 16.8 h as can be seen in the table above.

The activity values and initial amounts are found in
table V. The half-lives and theoretically calculated initial

TABLE V
THEORETICAL ACTIVITIES FOR CANDIDATES

Isotope Yield (%) Decay constant [s−1] Activity [s−1] Initial amount
97Zr 5.971 1.15*10−5 23.8069 2.02*106

92Sr 5.979 7.10*10−5 38.1071 5.36*105

91Sr 5.866 2.03*10−5 30.553 1.51*106

135I 6.535 2.91*10−5 41.8372 1.31*106

143Ce 5.939 5.83*10−6 14.5809 2.50*106

142La 5.796 1.25*10−4 36.9629 2.96*105

133I 6.609 9.26*10−6 22.669 2.45*106

activities of the candidate nuclei must be compared to the
corresponding values from the experimental measurement. If
the theoretical and experimental values are within an error
margin of each other, the result can be considered accurate
enough for this purpose.

The theoretically calculated initial activity values were
significantly smaller than the experimental values. This error is
discussed below. The experimentally measured half-lives were
fairly similar to the theoretical half-lives. Detailed discussion
for each isotope is found below.
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C. Isotope analysis: 97Zr

Fig. 6. The 97Zr peak

The first isotope that was analyzed, 97Zr, yielded good
results as can be seen in the graphs. The error margin of
the half-life is comparatively low. Since the isotope emits one
predominant gamma ray, and its energy level is well above
that of the Compton scattering background, the isotope was
comparatively simple to detect. It can be noted that a peak
similar to the 97Zr peak can be found in the background
spectra. This probably is not the 97Zr peak as there is no
logical reason for 97Zr to be present in the background
radiation.

TABLE VI
DATA AND RESULTS FOR 97ZR

Yield 5.971 %
Theoretical half-life 16.8 h

Theoretical decay constant 1.15*10−5 s−1

Theoretical activity 23.8 Bq
Theoretical initial amount 2.02*106

Gamma ray energy (Frequency) 743.36 keV (93.09 %)
Experimental half-life 16.97 ( 13.28,23.51)h
Relative half-life error 1.00 %
Experimental activity 153.4 (138.3,168.6)Bq

Fig. 7. The 97Zr peak
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TABLE VII
DATA AND RESULTS FOR 92SR

Yield 5.979 %
Theoretical half-life 2.71 h

Theoretical decay constant 7.10*10−5 s−1

Theoretical activity 38.1 Bq
Theoretical initial amount 5.36*105

Gamma ray energy (Frequency) 1383.93 keV (90 %)
Experimental half-life 2.60 (2.26,3.05)h
Relative half-life error -4.13 %
Experimental activity 300.5 (283.7,317.3)Bq

D. Isotope analysis: 92Sr

Fig. 8. The 92Sr peak activity over time.

This isotope was comparatively easy to detect, as it pre-
dominantly emits a single gamma ray with a very high energy.
The experimental half-life was calculated to be shorter than
the theoretical half-life. This could be due to the high-energy
gamma ray causing pair production in the detector. The pair
production will generate a peak of 511 keV, meaning some
of the isotope’s gamma peak counts may be lost. Therefore
the results may make the isotope decay seem relatively faster.
The relative confidence interval of this peak is comparatively
small. This means that statistical factors probably have not
caused the relative half-life error (which is somewhat small,
however).

E. Isotope analysis: 91Sr
The isotope is notable for emitting two distinct gamma rays

during decay. As both rays have high energies different from
those of the Compton scattering background, they should not
be very difficult to detect. The fact that two rays can be
detected ought to increase the accuracy. However, only one
gamma ray was detected, possibly due to the other having an
energy far from any calibration energy as well as a relatively
low frequency of 23.7 percent. Note that the detected gamma
ray has an energy just above the pair production threshold
of 1022 keV. This could cause errors due to pair production
but since to the energy is just above the threshold the relative
half-life error is still comparatively low.

Fig. 9. The 92Sr peak activity over time.

Fig. 10. The 91Sr peak at 1024 keV.

F. Isotope analysis: 135I

Analysis of this isotope turned out very accurate, with a
practically negligible relative half-life error. This result can be
attributed to the fact that two different emitted gamma rays are
observable as well as to the high energy of these rays. The
very high fission yield, appropriate half-life and high initial
activity all made detection of this isotope simple as well.

TABLE VIII
DATA AND RESULTS FOR 91SR

Yield 5.866 %
Theoretical half-life 9.5 h

Theoretical decay constant 2.03*10−5 s−1

Theoretical activity 30.6 Bq
Theoretical initial amount 1.51*106

Gamma ray energy (Frequency) 1024.3 keV (33.5 %),
749.8 keV (23.7 %)

Experimental half-life 11.12(7.87,18.95) h
Relative half-life error 1.00 %
Experimental activity 245.4 (213.3,277.5)Bq
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Fig. 11. The 91Sr peak activity over time.

Fig. 12. The 135I peak at 1260 keV

G. Isotope analysis: 143Ce

With a relative half-life error of more than 30 percent, the
analysis of this isotope was the least successful.The confidence
interval is also very large in this case. Its half-life is longer
than the measurement time, making accurate analysis more
difficult. The fact that the isotope only emits one gamma ray
appropriate for analysis also complicates the matter. However,

TABLE IX
DATA AND RESULTS FOR 135I

Yield 6.535 %
Theoretical half-life 6.61 h

Theoretical decay constant 2.91*10−5 s−1

Theoretical activity 41.8 Bq
Theoretical initial amount 1.31*106

Gamma ray energy (Frequency) 1260.409 keV (28.7 %),
1131.511 keV (22.6 %)

Experimental half-life 6.61(4.98,9.84) h
Relative half-life error -0.02 %
Experimental activity 304.1 (268,340.2)Bq

Fig. 13. The 135I peak activity over time.

Fig. 14. The 143Ce peak.

the most likely explanation for the experimental half-life error
is the energy of the gamma ray. Since it is comparable to
the energy levels of the Compton scattering background, the
peak resulting from the isotope decay becomes much more
difficult to detect. This may have caused the inaccuracies in
the half-life estimation and the large confidence interval.

It can be noted that the third activity measurement of this
isotope has a standard deviation larger than the confidence
interval. This suggests that it should not have been included
in the analysis.

H. Isotope analysis: 142La

Similar to 143Ce, analysis of this isotope resulted in a
comparatively large relative half-life error of nearly 20 percent.
The isotope has a relatively short half-life of 1.54 h, making
successful results in the early stage of the measurement
session necessary for accurate analysis. Although it emits
three different detectable gamma rays during decay, two of
these both have relatively low frequency and energies high



DEPARTMENT OF PHYSICS 15

TABLE X
DATA AND RESULTS FOR 143CE

Yield 5.939 %
Theoretical half-life 33.0 h

Theoretical decay constant 5.83*10−6 s−1

Theoretical activity 14.6 Bq
Theoretical initial amount 2.50*106

Gamma ray energy (Frequency) 293.266 keV (42.8 %)
Experimental half-life 21.17(9.51,93.15) h
Relative half-life error -35.83 %
Experimental activity 304.1 (268,340.2)Bq

Fig. 15. The 143Ce peak activity over time.

Fig. 16. One of the 142La peaks, at 641 keV.

enough for the analysis to be inaccurate due to the validity of
energy calibration decreasing. For this reason, they could not
be detected in the analysis, increasing the error margin. Fur-
thermore, the high gamma ray energies make pair production
a significant factor in the analysis, just like in the 92Sr case.

I. Isotope analysis: 133I

Similarly to the analysis of the other iodine isotope 135I,
the results in this case were very accurate, with a relative

TABLE XI
DATA AND RESULTS FOR 142LA

Yield 5.796 %
Theoretical half-life 1.54 (1.10,1.42)h

Theoretical decay constant 1.25*10−4 s−1

Theoretical activity 37.0 Bq
Theoretical initial amount 2.96*105

Gamma ray energy (Frequency) 641.285 keV (47.4 %),
2397.8 keV (13.3 %),
2542.7 keV (10.0 %)

Experimental half-life 1.2383 h
Relative half-life error -19.59 %
Experimental activity 233 (219.5,246.5)Bq

Fig. 17. The 142La peak activity over time.

Fig. 18. The 133I peak.

half-life error of less than 3 percent. The isotope only emits
one clearly detectable gamma ray, although its relatively high
energy makes it simple to detect.

VII. CONCLUSION

The analysis of the selected isotopes yielded varying results,
but overall was a relative success. The mean relative half-life
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TABLE XII
DATA AND RESULTS FOR 133I

Yield 6.609 %
Theoretical half-life 20.8 h

Theoretical decay constant 9.26*10−4 s−6

Theoretical activity 22.7 Bq
Theoretical initial amount 2.45*106

Gamma ray energy (Frequency) 529.872 keV (87.0 %)
Experimental half-life 20.27(15.08,30.94) h
Relative half-life error -2.55 %
Experimental activity 104.4 (91.28,117.6)Bq

Fig. 19. The 133I peak activity over time.

error was calculated to be 9.16 %. Considering the methods
and software used in the experiment, a mean of less than 10
percent ought to be considered a success, since many values
were only measured with an accuracy of one decimal. Certain
gamma rays emitted from isotopes could not be detected. This
could be due to their relatively low frequencies but also due to
their energy levels being inappropriate for detection (as they
differ significantly from those used in the calibration).

Regarding the results in comparison to the theoretical
model, the measured initial activities were found to be
significantly higher than the theoretically calculated ones,
as seen in figure 20. The only reasonable conclusion is
that inaccuracies are present in the model. Inaccuracies in
the formula for neutron diffusion is one of the most likely
explanations. Another explanation is that the simplification of
the decay process used in deriving the formula is inaccurate.
Furthermore, the fission yield errors (see below) could
contribute to the result.

It can be noted that normalization of the theoretical
and experimental results with respect to one isotope (97Zr)
yields reasonable results, with the exception of 143Ce, as
seen in figure 21. As discussed above, the analysis of 143Ce
did not produce accurate results, so this fact is not surprising.
The results from the normalization suggest that the error is
caused by the model itself, not by inaccurate analysis or
inaccurate fission yields.

Fig. 20. Experimental as well as theoretical results for the amount of the
candidate isotopes.

Fig. 21. The distribution of isotopes normalized with respect to the prediction
of 97Zr.

A. Error sources

If two (or more) gamma ray peaks with energies close
to each other are present in the radiation registered by the
detector, double peaks will appear in the spectra. These peaks
consist of several peaks that appear as one, and as such can be
distinguished by their larger width. In the case of non-distinct
peaks, however, they may pose a problem. If a double peak is
registered as a single peak, the measured gamma ray amount
will be higher than the actual gamma ray amount. This will
cause an overestimation of the half-life value.
Another error source is, as discussed above, the background
radiation (including the natural decay of uranium) and the
Compton scattering. Although most background radiation
sources and nearly all Compton scattering results in radiation
of low energy levels, the natural uranium decay may not.
Since the half-lives of U238 and U235 are very long
compared to the measurement time, this should not be a
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problem, however. The background radiation will include
additional peaks, such as X-rays from the lead shielding,
as stated above. While all background radiation should
be removed (utilizing software tools) during the spectra
analysis, in practice this will not be the case due to
statistical factors. Although the intensity of the gamma
radiation peaks should still be significantly higher, these
error factors may cause deviations in the measured intensity,
which in turn may cause deviations in the estimated half-lives.

Additional error sources come from the detector itself.
Ideally the voltage transferred to it should be constant, but
this will not be the case in practice. This causes gamma
ray registration to vary, and since one energy and efficiency
calibration is used, this will cause errors. Although these
errors can be partially accounted for in the software-conducted
analysis, they may still be present.

The calibration itself is also an error source. Only four
radiation sources were used, and for energy levels very
different to those of the sources this may cause errors. Most
analyzed nuclei do emit gamma rays of energy similar to the
ones used in the calibration, however. The large gap of 511
keV between two calibration energies (of 662 keV and 1173
keV, respectively) will also cause inaccuracies.

An important error source is that of the fission yields.
Although the values themselves are accurate, as stated above
they are given for an entire decay chain. In this experiment
certain steps in the decay chain will not be analyzed, due to
the half-lives of the nuclides in question being inappropriate
for the experimental setup (see above). Therefore, the fission
yield retrieved from Ref.[9] will be larger than the ones of
interest in our experiment, leading to errors in estimation of
initial amounts and activities of nuclides.

B. Improvements

It is clear that the theoretical model used in the analysis
must be improved. Significant improvements can be made to
the model of the neutron flow. In order for this model to be
very accurate it is necessary to simulate the neutron flow in
a software program. The time constraints of the experiment
rendered this impossible to carry out.

There are several possible improvements to the experimental
procedure as well. For example, the calibration procedure
could be made more accurate using more sources. The
calibration in this experiment was performed before the
seven candidate nuclei were selected. If the candidates were
chosen before performing the experiment, the calibration
isotopes could have been chosen differently in order to better
correspond to the candidates. A detector of higher accuracy
could also have been utilized although the one used in the
experiment was of high accuracy.

An important limitation factor was the measurement

time restriction caused by the need to keep the temperature of
the detector at 77 K. Since no known semiconductor detectors
function at room temperature, the possible improvement
lies in the detector cooling method. The liquid nitrogen
needed to be replaced every week which greatly limited the
measurement time. If this problem can be dealt with the
measurement time can be significantly increased, allowing
study of long-lived fission products as well.

Regarding the fact that measurement of isotopes with a short
half-life (shorter than 0.5 h) was not possible, the limitation
was related to the software used to measure the gamma
radiation, Tukan 8k. Using another software may decrease the
minimum half-life of a measurable isotope.The time needed
to transfer the specimen from the neutron source to the
detector also limits this parameter. As this time amounted to
40 seconds, nuclei with half-lives in the order of seconds will
not be measureable in the experiment, no matter the software.
It is also inappropriate to place the neutron source closer to the
detector in order to reduce this time, since this may interfere
with the measurement.
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