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Introduction 
 

The purpose of this laboratory work is 
introduction to and main regularities of 
nuclear reactions taking place by formation 
of a compound nucleus. The practical part of 
the work includes mastering of equipment 
and a technique of the isotope analysis by 
method of neutron activation given on an 
example of natural metallic silver activation. 
An analysis of the isotope products of 
nuclear reactions based on their half-life 
decay time is offered given by activation of 
the sample containing stable nuclides with 
known characteristics. 
 

Neutron properties 
 
Neutron is an electrically neutral elementary 
particle, one of constituents of atomic nuclei, 
nearly 2000 times heavier than an electron. 
Free neutron life-time is about 15 minutes. 
The free neutron decays according to the 

-decay scheme: 
 

 epn , (1) 
 
where  denotes neutron,  denotes proton, 

 denotes electron, and 
n p

e-   denotes 
antineutrino. This example of reaction clearly 
demonstrates necessity of a neutrino 
hypothesis, a lack of which violates the 
conservation law of the momentum as long 
as a neutron spin is equal 1/2, the same for a 
proton and an electron. The antineutrino is 
required to balance the total spin in 
Equation (1). 
A neutron has nearly the same magnetic 
moment as a proton 
 

 Nn  00007.091315.1  , (2) 

 
where N  – nuclear magneton, and the 

“minus” sign denotes opposite direction of 
the magnetic moment vector with respect to 
the spin. 
The property of a neutron to have a magnetic 
moment testifies, at first, existence of its 
internal structure, and, second, such 
distribution of a charge inside a neutron that 

the negative charge is concentrated on the 
periphery. Nowadays, in experiments on 
collisions of electrons on neutrons, it is 
established that the neutron size is about 
1 Fm (10-15 m), and a neutron consists of 
three charged quarks, one u-quark and two d-
quarks (quarks are sub-elementary particles 
of different kinds). 
De-Broglie wavelength of slowed-down 
neutrons can be comparable with interatomic 
distances. The wave properties of a neutron 
allow to study structures of a matter in the 
range of 10-5 – 105 Å. Various physical 
methods of materials investigations are based 
on the neutrons scattering. 
Basic properties of neutrons applied in the 
neutron scattering techniques are as follows: 
 
1.  The energy of the slowed-down neutrons 

is comparable with the energy of nuclear 
and molecular movements, and it lies in 
the range from meV to eV.  

2.  Neutrons are neutral (chargeless) 
particles, they interact with atomic nuclei, 
but not with distributed electronic shells. 
Cross-sections of the neutrons scattering 
can be very different even for 
neighboring nuclei which allows to 
distinguish light nuclei against heavier 
once. Hence, isotopic replacements allow 
to clarify abundances of different 
elements in compounds. This feature is 
an essential advantage against (or 
complementarily to) a method of X-ray 
scattering in which the radiation 
dissipates and scatters on electronic shells 
of atoms. 

3.  Existence of the magnetic moment at 
neutrons allows to study microscopic 
magnetic structures and magnetic 
fluctuations which determine 
macroscopic parameters of magnetic 
substances. 

4.  Neutron radiation deeply penetrates into 
substances that allows to investigate 
macroscopic properties like microcracks, 
fabrication faults, etc. Similar studies can 
not be carried out by means of optical 
methods, X-ray scattering or electron 
microscopy. 
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The scattering of neutron radiation by nuclei 
of atoms has an advantage that there is no 
need to consider a nuclear form factor, as it is 
necessary for X-rays to take into account a 
shape of an electronic cloud of an atom. 
Besides, a dispersive ability of an atom 
against neutrons does not decrease with 
increasing the angle of scattering, which is 
commonly observed for the X-ray scattering. 
Neutron diffraction scattering has sharp 
peaks even at large angles of scattering. 
 

Nuclear reactions induced 
by neutrons 
 
A compound nucleus, which forms as a result 
of neutrons capture by atomic nuclei, can 
decay following the main channels: 
 
1. The radiation capture. The most 

widespread channel. After transition of a 
compound nucleus to the ground state it 
can be  -radioactive because it receives 
an excess neutron. Goes on all nuclei. 
Cross-section: for thermal neutrons varies 
in a wide range from 0.1 to 103 and 
occasionally reaches 104 barn (1 barn is 
numerically equal to 10−28 m2= 10−24 cm² 
= 100 Fm² – the approximate cross 
section of a heavy atomic nucleus); for 
fast neutrons – from 0.1 to several barn. 

2. The alpha-particle emission. Reactions on 
nuclei of Boron-10 and Lithium-7 are 
used for registration of neutrons. The 
cross-section of these reactions is about 
one thousand barn. 

3. The proton emission. This reaction can be 
used for registration of neutrons. 
Reaction with tritium has cross-section of 
about 5000 barn. 

4. Emission of two and more nucleons. A 
threshold reaction, the threshold is near 
10 MeV. The cross-section – fractions of 
barn. 

5. The nuclear fission. The energy 
introduced into a nucleus by a neutron, 
even the slowest, in certain cases exceeds 
the threshold energy of fission, and the 
fission reaction happens instantly. This 
happens, for example, with uranium-235 
nuclei. For the majority of nuclei this 

channel is threshold. As an example, for 
uranium-238 the energy of a neutron has 
to exceed 1.8 MeV. The cross-section is 
small, except for some nuclei.  

6. Elastic scattering. 
7. Inelastic scattering. The threshold 

reaction, used for moderation of neutrons. 
 

The experimental setup 
 
The main units of the experimental setup are 
shown in Figures 1 to 4. In the setup, the 
source of neutrons placed into the lead 
protection shell (Fig. 1), the cascade of 
Geiger counters with a large solid angle of 
collection, is protected by a lead jacket 
(Fig. 2), the high-voltage power unit (Fig. 4, 
“3”) for the Geiger counters (Fig. 4, “1”) and 
the universal counter device (Fig. 4, “2”) are 
used. 
 

 
 

Figure 1. The neutrons source. 
 
The properties of the sample 

As a sample, the strip from natural metallic 
silver is used. It contains two stable isotopes 
(with the natural abundance) 47Ag107 (51%) 
and 47Ag109 (49%). An average effective 
cross-section  of the thermal neutrons 
capture is:   30 barn for 47Ag107;   84 
barn for 47Ag109. The sample is fixed on the 
aluminum holder, allowing to put it into one 
of canals of the neutron source. 
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Figure 2. The cascade of Geiger counters, protected by 
a lead jacket. 
 
The neutron source 

Pu--Be ampoule ”1” (see the scheme in 
Figure 3) of the neutron source is placed in a 
paraffin block “3” for moderation of 
neutrons. Canals “4” (experimental canals), 
which are rooms for the sample in the 
neutron moderator block. The canals are 
placed at a distance from the source “1” 
sufficient for complete thermalization of the 
fast neutrons, generated by the source, at 
insignificant weakening of the neutron flux 
density. Thus, in the canal, optimum 
conditions for activation of nuclei by slow 
neutrons are created. The layer of cadmium 
“5”, surrounding the paraffin block, is 
effective protection against thermal neutrons. 
The lead cover “2” build of thick lead bricks 
serves as a protection against -radiation.  
 

 
 
Figure 3. The internal arrangement of the neutron 
source (the side view – left, the top view – right). 
 

For activation, the sample is located into the 
canal of the neutron source for not less, than 
12-15 min – the time surpassing 5-6 times a 
half-life time for long-living nuclides. A 
numbered canal of the neutron source, 
chosen for activation of a sample, is specified 
by an advisor. 
 

The order of 
implementation 
 
The setup preparation 

1. Before a run of the setup, please, check 
completeness of all units of the setup 
according to the previous section. 

2. Turn on the power supply switch “Pwr”  
on the high-voltage power unit (Fig. 4, 
“3”, front panel, right-hand-side switch). 

3. Turn on the high-voltage supply switch 
“Hi-V” on the high-voltage power unit 
(Fig. 4, “3”, front panel, left-hand-side 
switch). 

4. Set up high-voltage level to 
(4.00±0.20)×100 V [means 400 V] for 
Geiger counters using helipot precision 
potentiometer labeled “Manual” on the 
front panel (Fig. 4, “3”)  

5. Turn on the power network button on the 
rear panel of the counting device (Fig. 4, 
“2”).  

6. Specify settings of the counting device: 
a) choose the pulses counting channel 

“B” (left bottom corner of the front 
panel, Fig. 4, “2”); 

b) by the button “RATE” choose 10 s 
(selection of the time window р for 
measurements of the counting rate); 

c) buttons “N”, “R”, “f”, “∆t”, “t” – 
choose “N”. 

 

Activation of the sample 

After studying the description of the work 
and turning on of the devices, report on to an 
adviser readiness for the further work. Under 
supervision of the adviser make sample 
activation: for this purpose put down the 
holder with a sample into the experimental 
canal of the source of neutrons for the period 
of not less than 15 min.  
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Figure 4. The experimental setup. 1 – a cascade of Geiger counters; 2 – the universal counter device; 3 – the high-
voltage source for the Geiger counters. 

 
During the activation make measurement of 
the background counting rate. For this 
purpose start automatic measurement by 
pressing the “START” button on the front 
panel of the counting device (Fig. 4, “2”). 
The device does the measurement 
automatically, the “STOP” button won't be 
pressed yet. Save up in the memory of the 
counting device not less than 20 values of the 
background counting rate measurements (the 
digital display in the center of the front panel 
counts number of measurements) and press 
the “STOP” button. Buttons “<” and “>” 
above the “MEMORY” label are used to list 
consecutively and write down the measured 
values of the background counting rate into a 
personal notebook (paper-made or electronic, 
whatever). Calculate an average value of the 
background counting rate nf according to the 
obtained data.  

 6

Clear memory of the counting device (press 
“CLEAR” button above the “MEMORY” 
label) bringing it into initial condition.  
After activation of the sample take out the 
holder with the sample from the experimental 
canal and place it into closest to yourself 

canal in the lead container of the counter 
setup (Fig. 2). Start the measurement by 
pressing “START” button on the front panel 
of the counting device (Fig. 4, “2”) just after 
the sample installation into the counters 
block (Fig. 4, “1”). Make this part of the 
work for the minimum time because of fast 
decay of radioactivity of the sample (tens of 
seconds). It is worth being trained before 
activation of the sample. 
Make consecutive measurements of the 
counting rate until it approaches the average 
value of the background counting rate 
measured before without the activated sample 
in the counters unit. Use buttons “<” and “>” 
above the “MEMORY’ label consecutively 
to retrieve and write down the measured 
values of the counting rates of the activated 
sample to the notebook.  
 
Switching off of the setup 

1. Switch off the “High-V” button on the 
high-voltage power unit (Fig. 4, “3”). 

2. Switch off the «Pwr» button on the high-
voltage power unit (Fig. 4, “3”). 
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3. Switch off the «Pwr» button on the rear 
panel of the counting device (Fig. 4, “2”). 

4. Take out the sample from the measuring 
unit (Fig. 4, “1”). 

 

Processing of the 
measurements results 
 
1. Put the measurement results into a table: 

 
Find values N(ti) = (ni - nf)/р, (р=10 sec, 
trace back above) and lnN(ti), put them into 
the table and draw curve of the dependence 
lnN(ti). 
2. Further processing of the results is 
carried out in the assumption that decay half-
life times of the generated nuclides are 
significantly different. It suggests that on the 
curve lnN(t) there is a range (at rather large 
values of t), caused by only activity of a 
long-living nuclide (labeled by 2) and, 
therefore, it is possible to approximate this 
range by the linear dependence, lnN2 = lnN20 
- λ2t (the range BC in the sketch in Fig. 5). 
Here, N2 is the current activity of the long-
living nuclide; N20 is the initial activity of the 
long-living nuclide at the initial time-point of 
starting the measurements, t = 0; λ2 is a 
particular decay constant for the long-living 
nuclide. 
 

The best values of N20 and λ2 can be received 
applying a method of the least squares, 
however, initial N20 and λ2 values can be 
estimated approximately at rather small 
statistical dispersion of results. Thus, it is 
possible to draw through the received points 
a straight line (given in RED color) which 
crosses the lnN axis and gives the lnN20 
estimation. The line inclination tangent 
provides a value of λ2 (see Fig. 5). 
For calculation of the lnN10 and λ1 values, 
describing a short-living nuclide (labeled by 
1), it is necessary to:  
     a) extrapolate the straight line BC to t = 0; 
     b) find according to this drawing the N2(ti) 
values (the values of the current activity of 
the long-living nuclide measured at the time 
moment ti when the counting rate was 
recorded, and the measurement point was put 
in the graph, Fig. 5, in the range of times 
AB); 
     c) calculate values of the current activity 
of the short-living nuclide at the same time 
poits ti  using the formula N1(ti) = N(ti) – 
N2(ti) (see in Fig. 5, in the same colors). 
Then, draw a graph lnN1(ti); 
     d) approximate the obtained dependence 
by the straight line lnN1 = lnN10 - 1t similar 
to the case of the long-living nuclide. Here, 
N1 is the current activity of the short-living 
nuclide, N10 – the initial activity of the short-
living nuclide at the time point t = 0, 1 is a 
decay constant for the short-living nuclide. 

 

 
 

Figure 5. Dependence of the counting rate on time 
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3. As far as a decay half-life time T is a 
time during which the number of radioactive 
nuclei decreases twice, then, generally: 
 

2/1
)(

0

  Te
N

TN  ,  

 
from which  
 


2ln

T . 

 
Calculate values of half-life times for the 
short-living (label 1) and the long-living 
(label 2) isotopes making use of the 
formulas: 
 

1
1

2ln


T  ;   

2
2

2ln


T . 

 

Analysis of the results 
 
1. Using the obtained T1 и T2 values, 

estimate, what nuclides can be formed 
from the stable nuclides of silver. What 
could be possible reasons of instability of 
these nuclides and a type of decay. 

2. Using tables of the properties of 
radioactive nuclides, available in the 
laboratory, check validity or falsity of the 
preliminary assumptions. 

 
 
 
 

 

Safety notes 

The following safety rules must nevertheless be kept to: 

 Prevent access to the preparations by unauthorized persons. 

 Before using the preparations make sure that they are intact. 

 For the purpose of shielding, keep the preparations in their safety vessel. 

 To ensure minimum exposure time and minimum activity, take the preparations out 

of the safety vessel only as long as is necessary for carrying out the experiment. 

 To ensure maximum distance, hold the preparations only at the upper end of the 

metal holder and keep them away from your body as far as possible. 
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Self-test problems 

1. What are general regularities of neutrons interaction with matter? 

2. Which neutrons do have better ability to interact with nuclei, fast or slow? 

3. Estimate the de-Broglie wavelength of a thermal neutron. Compare the obtained value 

with nuclei sizes. 

4. Explain the origin of resonances in cross-section dependence on energy of a neutron. 

5. What does mean negative sign of magnetic moment of neutron? 

6. How is large a neutron mass in comparison with the proton mass? 

7. Supposing point-like neutron, estimate cross section of the neutron interaction with 

nuclei. 

8. What is a type of radioactivity induced by neutrons that observed in the present work? 

9. What is a reaction channel that realized in the present work? 
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