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Why to talk about the activation technique at n_TOF winter school? 

“TOF technique is definitely the best choice when stable isotopes are 
considered or when enough sample material is available (e.g. long-lived 
radioactive isotopes) “

BUT
This is not always the case… 

e.g. when very small sample masses and/or very small cross sections are 
considered

→NEAR measurements
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The NEAR station



The Activation technique
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The activation technique is a two-step process:
1) Irradiation of the sample
2) Measurement of the induced activity

The activation technique can only be applied when the product 
nucleus is unstable with “reasonable decay characteristics”

● ~sec<T1/2<~10 y
● Detectable decay radiation (preferentially γ-rays, due to the 

excellent energy resolution provided by HPGe detectors)



The Activation technique
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Today, the activation technique is applied in many fields, such as at:
● fundamental research
● engineering
● medicine
● qualitative and quantitative analysis of samples
● forensic science
● …



The Activation technique

First applied by Hevesy and Levi at 1936 
→ determination the amount of dysprosium in an yttrium sample.
G. Hevesy and H. Levi, Nature 137, 185 (1936)
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The activation technique offers:
● Sensitivity (e.g. MACS with a few ngr of samples can be obtained)
● Selectivity (e.g. no need for monoisotopic samples, cross sections can 

be obtained for isotopic abundances lower than 0.1% in natural 
composition elemental samples)

● Doesn’t suffer from counting rate issues (dead-time/pile-up, …)
● Can be applied in harsh environments

The activation technique can be used:
● to obtain high accuracy reaction cross section data

or
● to determine traces of isotopes in samples

or
● to characterize the radiation field (usually neutron beams/fields)

https://www.nature.com/articles/137185a0


The Activation technique: Irradiation of the sample
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Unstable nuclei produced just 
after irradiation (tirr)

Correction for the decay of the 
product-nuclei during irradiation



The Activation technique: Irradiation of the sample
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Irradiation time (tir) waiting time (tw) measurement time (tm)Irradiation time (tir)

Unstable nuclei produced just 
after irradiation (tirr)

Correction for the decay of the 
product-nuclei during irradiation
(in case of constant neutron flux)



The Activation technique: Measurement of the induced activity
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Expected Counts (A = peak AREA) after:
● Waiting time tw (the time interval between the end of measurement and 

start of the activity measurement) 
● Measurement time tm (the duration of the induced activity 

measurement)

More details on the equations can be found in the appendixes of the thesis of Efstathia GEORGALI

https://phdtheses.ekt.gr/eadd/handle/10442/49286?locale=en


Let's start from a simple physics case (maybe the simplest one…)
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n + 27Al → 24Na + α, for En = 8 MeV

Main steps to organize this activation study:

● Check on the possible products (depends on the sample/holder, projectile 
& projectile energy); One convenient tool is the Q-calc

● Define Irradiation time (depends on the T1/2 of the product nucleus)
● Adjust detection setup according to decay characteristics
● Waiting time (according to RP constraints,…)
● Measurement time (according to T1/2 of the product nucleus)
● Analysis (background, possible peak contamination, correction factors…)

https://www.nndc.bnl.gov/qcalc/
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n + 27Al → 24Na + α, for En = 8 MeV

● 28Al; T1/2 = 2.2 min (low cross section; decays fast)
● Inelastic scattering is not producing long term activity
● 27Mg; T1/2 = 9.5 min (decays fast)
● 26Mg; stable
● 24Na is the one we are interested in, T1/2 = 15 h

Expected reactions for 100% pure 27Al sample at En = 8 MeV
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n + 27Al → 24Na + α, for En = 8 MeV; Irradiation

Irradiation time: It doesn’t make sense to irradiate more than 3*T1/2 of 
the product isotope
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We can adjust the “waiting time” as to get rid of the unwanted short lived isotopes 
or even better… 

We can reject the first collected spectra accordingly

n + 27Al → 24Na + α, for En = 8 MeV; Irradiation
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Before deciding the γ-ray(s) to be used in the analysis we have: 
● To perform a long background measurement
● To determine the counting rate in the region of interest as to answer two 

questions:
○ Is the ROI free of background peaks?
○ Are we above detection limits or not?

40K

214Bi(238U/226Ra series) 214Bi(238U/226Ra series)

228Ac(232Th series)

208Tl(232Th series)

511

204Pb(238U/226Ra 
series)212Pb(232Th series)

226Ra(238U series)

n + 27Al → 24Na + α, for En = 8 MeV; Activity measurements

Hint1: The background of an irradiated sample will be 
always bigger than the ”room” background even if there 
are no photopeaks around from competitive 
(contaminating) channels. Especially in low energies.
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n + 27Al → 24Na + α, for En = 8 MeV; Activity measurements

*For the full list of the room background photopeaks have a look in the extra slides
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● Similarly to the irradiation time, the measurement time should not last longer than 
~3*T1/2 as we do not expect more counts in the net area while the background is 
increasing constantly.

● The γ-ray measurement should be saved in regular time intervals as to confirm that 
the growth of the peak follows the half-life time of the product nucleus

n + 27Al → 24Na + α, for En = 8 MeV; Activity measurements
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● Similarly to the irradiation time, the measurement time should not last longer than 
~3*T1/2 as we do not expect more counts in the net area while the background is 
increasing constantly.

● The γ-ray measurement should be saved/recorded in regular time intervals as to 
confirm that the growth of the peak follows the half-life time of the product nucleus

n + 27Al → 24Na + α, for En = 8 MeV; Activity measurements
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● Similarly to the irradiation time, the measurement time should not last longer than 
~3*T1/2 as we do not expect more counts in the net area while the background is 
increasing constantly.

● The γ-ray measurement should be saved/recorded in regular time intervals as to 
confirm that the growth of the peak follows the half-life time of the product nucleus

n + 27Al → 24Na + α, for En = 8 MeV; Activity measurements
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n + 27Al → 24Na + α, for En = 8 MeV; Analysis

Counts = A (Net Area Peak)  = Total - Background

Hint: Log y axis is always better since it gives you the right feeling if you 
considered correctly the background or not. This is especially the case when 
large peaks have to be analyzed. 
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n + 27Al → 24Na + α, for En = 8 MeV; Analysis

wrong

correct
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n + 27Al → 24Na + α, for En = 8 MeV; Analysis

For the flux determination the safest way is to “sandwich” the sample with ”monitor” foils with 
well known reaction cross section and (if possible) with similar excitation function.

Commonly used reference reactions:
• 197Au(n,γ)
• 197Au(n,2n)
• 27Al(n,a)
• …

In practice we substitute the term “Φ” with the corresponding equation as to deduce the 
unknown reaction cross section with respect to the reference reaction cross section. 
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n + 27Al → 24Na + α, for En = 8 MeV; Analysis

• It is always safer to determine the detection efficiency using 
multiple point-like calibrated gamma ray sources. The 
usage of mono-energetic gamma ray sources (137Cs, 54Mn, 
…) is preferable (avoiding summing effects is important when 
small source to detector distances are adopted.. 

• The 152Eu gamma ray source is a commonly used calibration 
source that provides calibration points for an extended energy 
range (100 keV – 1400 KeV).

• The accuracy of the efficiency calibration is better when 
large source to detector distances are adopted (smaller 
sensitivity to the actual geometry). But this is not possible when 
low counting rates are expected.

CHAPTER 2. EXPERIMENTAL METHOD

Sc 2,6E-04 2,6E-04 2,1E-04
Au-1 2,1E-01 1,6E-01 9,2E-05
Au-2 2,1E-01 1,6E-01 9,2E-05
Au-3 4,3E-02 3,2E-02 1,8E-05
Au-4 4,5E-02 3,4E-02 1,9E-05
Au-backup 4,5E-02 3,4E-02 1,9E-05
Au-6 1,5E-01 1,1E-01 6,7E-05
W 2,1E-01 1,0E-01 2,0E-03
In 3,3E-03 3,2E-03 2,2E-03
Ni 1,8E-03 1,5E-03 8,2E-04
Al 1,1E-03 1,4E-04 1,5E-18
Co 3,5E-04 1,9E-04 1,7E-04
Bi 1,2E-02 4,5E-03 5,2E-04
SUM 9,6E-01 6,6E-01 8,6E-03
Al Holder 2,6E-01 3,2E-02 3,4E-16
Total SUM 1,2E+00 6,9E-01 8,6E-03

2.3 Calibration of the 26% relative efficiency HPGe Detector

The efficiency calibration of the HPGe detector that was used for the induced activity measure-
ments of the irradiated samples, is an important parameter that defines the feasibility of the
measurement, as well as the proper planning (in terms of geometry and time) of the gamma-ray
spectroscopy. The HPGe detector used was fully characterized in 2019 [33]. In order to confirm
the previous characterization of the HPGe detector, a calibration point-like 152Eu source was
used. This source provides a variety of gamma-rays ranging, from ª100 keV up to ª1400 keV.
The source was placed at several distances from the detector’s window. Special care was taken
on the source-to-detector-window distances that correspond to the geometry of the actual ac-
tivity measurements. The intensities together with the photon energies which employed in the
characterization procedure as well as a 152Eu spectrum are shown in Table 2.4 and Figure 2.6,
respectively.

For the determination of the efficiency curves, the absolute peak efficiency was determined using
the Eq. 1.12, which can be expressed as:

(2.1) "=
Ngcounted

Ngemitted

=
Ngcounted

A Ig tm
=

Ngcounted

A0 e°∏ øpassed I g tm
,

where Ngcounted represents the net counts of the photopeak, Ig the intensity of the emitted gamma-
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To extract the detection efficiency from the energy spectrum, one utilises the definition of a

detector’s efficiency, as given in paragraph 1.4, leading to

where the activity is the source activity at the time of the measurement, time refers to the duration

(the live time) of the measurement, intensity refers to the intensity of the energy peak of interest and

counts is the total number of counts, the net area, of this particular peak. 

After calculating the full-energy peak efficiency for all the  γ-rays of interest, the  average

efficiency  resulting from all the different spectra was plotted against the energy for the different

source-detector distances, as shown in figure 3.2.

Figure 3.2: The efficiency curves for different source detector distances.

The experimental data were fitted using three different fitting functions: Linear, quadratic

and polynomial [10]. An example is shown in figure 3.2. The first peak of the 152Eu source (121.78

keV) is not included in the fitting process, as it lies below the point at which the efficiency curve

changes behaviour (“knee” at [10], as seen in Figure 3.3). The 1085keV peak is also not used, since

it cannot be clearly distinguished from its neighbouring 1089keV peak. 

Figure 3.3: The point, referred to as “knee”, at which the efficiency changes its behaviour (left) as found in reference [10] and an

example of the efficiency points fitted to the most commonly used fitting functions (right).

3.1		-		HPGe	efficiency	characterisation

Maria-Elisso Stamati Master Thesis (34)
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n + 27Al → 24Na + α, for En = 8 MeV; Analysis

CHAPTER 2. EXPERIMENTAL METHOD
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ments of the irradiated samples, is an important parameter that defines the feasibility of the
measurement, as well as the proper planning (in terms of geometry and time) of the gamma-ray
spectroscopy. The HPGe detector used was fully characterized in 2019 [33]. In order to confirm
the previous characterization of the HPGe detector, a calibration point-like 152Eu source was
used. This source provides a variety of gamma-rays ranging, from ª100 keV up to ª1400 keV.
The source was placed at several distances from the detector’s window. Special care was taken
on the source-to-detector-window distances that correspond to the geometry of the actual ac-
tivity measurements. The intensities together with the photon energies which employed in the
characterization procedure as well as a 152Eu spectrum are shown in Table 2.4 and Figure 2.6,
respectively.
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n + 27Al → 24Na + α, for En = 8 MeV; Analysis

Appendix C

The fB correction factor

The fB factor, which corrects for the activated nuclei decay during irradiation, is
determined as following:

1. for constant flux f(t) = �:

fB =
R tirr

0 f(t)⇤e�tdt
R tirr

0 f(t)dt
⇤ e��tirr )

fB = � ⇤
R tirr

0 e
�t
dt

�
R tirr

0 dt
⇤ e��tirr )

fB = 1
�

(e�tirr�1)
tirr

⇤ e��tirr )

fB =
(1� e

��tirr)

� ⇤ tirr
(C.1)

2. for non-constant flux the integral in Eq. B.3 has to be replaced with a sum
over di↵erent time intervals:

fB =
R tirr

0 f(t)⇤e�tdt
R tirr

0 f(t)dt
⇤ e��tirr )

fB =
Pupper

lower
f(t)⇤e�t�tPupper

lower
f(t)�t

⇤ e��tirr

In this case the fB factor is calculated by a code developed in the C++ programming
language which takes into account the fluctuations in the neutron beam. The code is
presented below:
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3.3. fb CORRECTION FACTORS
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FIGURE 3.5. Proton beam fluctuations during the irradiation.

Experimental Activities

The experimental determination of each foil’s activity was determined by means of the following
equation:

(3.1) A =
Counts ( 1

fb
) (1° e°∏tirr )

" Ig e°∏tw (1° e°∏tm ) tirr

where again Counts represent the recorded counts in the photopeak of interest, 1
fb

the total correc-
tion factor that corresponds to the decay during the irradiation including the actual fluctuations
of the neutron flux as taken from the TIMBER CERN data, Ig is the intensity of the emitted
gamma-ray, " the detector’s efficiency for the emitted gamma-ray taken from GEANT4 simulation
(3rd option), ∏ the decay constant of the product nucleus, tm the measuring time of the induced
activity, tw the waiting time between the end of the irradiation and the start of measurement,
and tirr the time duration of the irradiation’s procedure.

The intensities for the gamma-ray lines used in the analysis are given in Table 2.1, Table
3.2, and the total fb factor as listed in Table 3.3 below. Furthermore, in the Table 3.3, there
is also a column for these physics cases the background subtracted spectrum was used for the
determination of the photo-peak net area counts. The results of the determined activity are given

43
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n + 27Al → 24Na + α, for En = 8 MeV; Analysis

Correction factors:
• Dead time (if applicable)
• Backround or “contamination peaks” subtruction (if needed)
• Self attenuation of gamma rays
• Effect of the extended source geometry in detection efficiency

MC Simulations:
Geant4 ("Shielding”)
or
FLUKA

3.2. GEANT4 MONTE-CARLO SIMULATIONS

the fact that in this energy range, the Al-window of the detector causes significant attenuation
of the low energy photons, making the extrapolation of the fitting efficiency curves inadequate.
Furthermore, the GEANT4 simulations allow the inclusion of the isotope’s under study full decay
scheme. As a result, the effect of coincidence summing effects was also considered in the analysis
procedure [28]. This effect is important when short sample-to-detector window distances are
adopted (3 cm). The detector efficiency at each distance is shown in Table 3.1 for the various
gamma-ray energies emitted when:

1. a point source with the decay schemes are adopted,

2. extended sources are adopted but not the decay schemes, and

3. extended sources along with the decay schemes are adopted.

x
15 cm 

y

15 cm 

z

15 cm 

FIGURE 3.2. Visualization of the simulation of an extended source via GEANT4 toolkit.

37
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The activation technique: Analysis

Hint: The mathematical formulation can become complicated when the same nuclear state can be 
populated through two (or more) different reaction “paths” with comparable decay time characteristics

More details on the equations can be found in the appendixes of the thesis of Efstathia GEORGALI

https://phdtheses.ekt.gr/eadd/handle/10442/49286?locale=en
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The activation technique: Analysis

More details on the equations can be found in the appendixes of the thesis of Efstathia GEORGALI

Literature:
a) Measurement and Detection of Radiation, Nicholas Tsoulfanidis, 

Sheldon Landsberger, https://doi.org/10.1201/9781003009849
b) Radiation Detection and Measurement, Glenn F. Knoll, ISBN-13 : 

978-0470131480
c) PhD thesis of Efstathia GEORGALI: 

https://www.didaktorika.gr/eadd/handle/10442/49286?locale=en
http://nuclear.physics.uoi.gr/publications/EfiPhD.pdf

d) A nice presentation of the activation technique can be found here
e) …

https://phdtheses.ekt.gr/eadd/handle/10442/49286?locale=en
https://doi.org/10.1201/9781003009849
https://phdtheses.ekt.gr/eadd/handle/10442/49286?locale=en
https://www.didaktorika.gr/eadd/handle/10442/49286?locale=en
http://nuclear.physics.uoi.gr/publications/EfiPhD.pdf
https://indico.cern.ch/event/716552/sessions/310934/attachments/1848163/3033363/MonicaSisti_LRT2019.pdf
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Your first activation measurement

Let me remind you the activation experiment steps:

a) Irradiation
b) Measurement of activity
c) Analysis

Let’s assume we want to measure the 197Au(n,2n) cross section at the 
energy of 11 MeV.

Exercise: Run the experiment from beginning to end! …ENJOY!
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Your first activation measurement

“Prepare” the experiment -> decay relevant info

First of all, we need to find all the 
relevant information as to 
check if we can apply the 
activation technique.

We go to NNDC and check out 
what we need:
• Half life = 6.16 days 
• No long-lived isomer (the 

equations are away more 
complicated)

• Energy: 333 keV or 356 
keV?

• Intensity: 0.22 or 0.87

https://www.nndc.bnl.gov/
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Your first activation measurement
HPGe efficiency calibration (exercise #1):
• Source 152Eu at 9cm
• LIVE_TIME - 4491.567 sec
• REAL_TIME - 4501.311 sec
• File: https://cernbox.cern.ch/s/n0nVIi1GAZom6TV
• Activity of 14.47 kBq measured on 09.05.2017. 
• Measurement at 19.10.2021
• Uncertainty = 5%.

152Eu spectrum after energy calibration
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Your first activation measurement
HPGe efficiency calibration (exercise #1): 
Getting the efficiency at 333 keV -> 0.0057 (5%) 

Hint1: Try to avoid complicated efficiency functions. 
The simplest one is the logeff = f(logE). This can be 
used for energies Eg>150 keV for Al window or for 
Eg>50 keV for carbon-fiber window

Hint2: The uncertainty of the efficiency can be 
extracted from the confidence level band and NOT from 
the uncertainty in the parameters 

Hint3: The MC codes are reliable. If a common 
modelling of the detector is possible for a variety of 
gamma ray energies and for different source to 
detector distances then the required efficiency can be 
directly extracted from MC simulations with all the 
correction factors included
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Your first activation measurement
The measurement (exercise #2):

Sample: 197Au with mass  = 1.2 g
Atomic Weight = 196.96 g/mole
Avogadro Number = 6.022E23
Irradiation at 11 MeV
Irradiation time = 35580 s
Time interval between end of irradiation and start of γ-ray activity measurement = 136450 s
Duration of the activity measurement = 3599 s
Neutron flux = 7.8Ε10 neutrons/cm2

Analysis:
Photopeak net area counts: 1659
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Your first activation measurement
The measurement (exercise #2):

Result: The 197Au(n,2n)196Au reaction cross section at 11 MeV is: 1.2 b

If you have something similar then:
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Your first activation measurement
The measurement (exercise #2):

Result: The 197Au(n,2n)196Au reaction cross section at 11 MeV is: 1.2 b

If not:



Extra Slides
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Counting rates in background 
peaks for a HPGe re. eff. 25%
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Energy Diagrams for the 162Er+n

between 13.5-14.8 MeV. Furthermore, the experimental data are very discrepant. In
the case of the 165Ho(n,2n) reaction channel, more experimental data exist as it is
depicted in Figures 2.1(c) and (d). The experimental data for the population of both
the isomeric and ground state refer to the energy region between 12-20 MeV. However,
the data are also discrepant.

2.2 Energy diagrams

The interaction of neutrons with each one of the 162Er, 156Dy and 165Ho isotopes for
neutron beam energies between 10-20 MeV is dominated by the compound-nucleus
mechanism, which is discussed in Section 6.1.

Based on the Bohr hypothesis about the independence between the input and
output channels in the compound-nucleus reactions (see also Section 6.1), di↵erent
reaction channels with di↵erent probabilities can be induced by each nuclear
interaction. These channels can be represented in an energy diagram taking into
account the excitation energy of the compound-nucleus. In Figures 2.2-2.4 the energy
diagrams of each interaction are presented along with the most probable nuclear
channels. More details for the energy diagrams are given in Appendix A.

Figure 2.2: The energy diagram of the 162Er+n interaction.
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A complicated peak analysis
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A complicated peak analysis
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A complicated peak analysis
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A complicated peak analysis
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Calibration data
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