
LA-UR-17-28380
Approved for public release; distribution is unlimited.

Title: Basic of Neutron NDA

Author(s): Trahan, Alexis Chanel

Intended for: Training Course

Issued: 2017-09-15



Disclaimer:
Los Alamos National Laboratory, an affirmative action/equal opportunity employer, is operated by the Los Alamos National Security, LLC for
the National Nuclear Security Administration of the U.S. Department of Energy under contract DE-AC52-06NA25396.  By approving this
article, the publisher recognizes that the U.S. Government retains nonexclusive, royalty-free license to publish or reproduce the published
form of this contribution, or to allow others to do so, for U.S. Government purposes.  Los Alamos National Laboratory requests that the
publisher identify this article as work performed under the auspices of the U.S. Department of Energy.  Los Alamos National Laboratory
strongly supports academic freedom and a researcher's right to publish; as an institution, however, the Laboratory does not endorse the
viewpoint of a publication or guarantee its technical correctness.



.,,....,, ___ _ 
NONPROLIFERATION i!il 
ARMS CONTROL (NPAC) 

i 11\TERNA.TlO~L NUCl.£.lR S.lF'ECUAROS 

International Nuclear Safeguards Engagement Program (INSEP) 
[Basics of Neutron NOA] 

[Fundamentals of Non-Destructive Assay for International Safeguards] 
[Los Alamos National Laboratory-September 28, 2017] 

OFFtoe OF ----------~ 
NONPROLIFERATION A NO 

ARMS CONTROL (NPAC) 

Basic of Neutron NOA 

Fundamentals of Non-Oestructlve Assay for 
International Safeguards 

Lo• Alamo• N3Uonal Laboratory 

S.pC81TllMr %8, 201 T 

Alexis Trahan 
Lo~ Alamos- N41ioltiJI LJlb01llto,,-

1 

-

- fl«GQTIAR'. ~R "ND ~FY 
r:-71' 00'-,l"U ... Not ",IH IN I t.l'IN,t,,llONAL 
~ Nf.JNP'A-()Uf(;.,hlff).N M<.0ARM&CONTf40l 

TRF:lllWi:J; A,"'lD J\tlA~J:"NTI; 



.,,....,, __ _ 
NONPROLIFERATION i!il 
ARMS CONTROL (NPAC) 

i 11\TERNA.TlO~L NUCl.£.lR S.lF'ECUAROS 

Estimated Module Duration: 1 hour 

Required Tools and Materials: 

International Nuclear Safeguards Engagement Program (INSEP) 
[Basics of Neutron NOA] 

[Fundamentals of Non-Destructive Assay for International Safeguards] 
[Los Alamos National Laboratory-September 28, 2017] 

1. Projector, screen, laptop with Word and PowerPoint programs 
2. Participant guides, with slides and supplemental material 

References: 

1. [Insert references used to develop the content for the presentation and 

instructor/student guide, such as an International Atomic Energy Agency (IAEA) service 

series document. It may be helpful to provide links to where these resources can be 

found online, if applicable.] 

2. [ ... ] 

Supporting Documents: 

1. None 

Job Aids: 

1. None 

Terminal Learning Objectives (TLOs): 

• TL0-1: Introduce the basic physics of neutron production, interactions, and detection 

Enabling Learning Objectives (ELOs): 

• EL0-1: Identify the processes that generate neutrons 

• EL0-2: Explain the most common neutron production mechanism: spontaneous and 

induced fission and (a,n) reactions 

• EL0-3: Describe the properties of neutron from different sources 

• EL0-4: Recognize advantages of neutron measurements techniques 

• EL0-5: Recognize common neutrons interactions 

• EL0-6: Explain neutron cross section measurements 

• ELO-7: Describe the fundamentals of 3 He detector function and designs 

• EL0-8: Differentiate between passive and active assay techniques 
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Additional Information for Students: 

Terminal Learning Objectives 

International Nuclear Safeguards Engagement Program (INSEP) 
[Basics of Neutron NOA] 

[Fundamentals of Non-Destructive Assay for International Safeguards] 
[Los Alamos National Laboratory-September 28, 2017] 

Terminal Leaming Objectives: Introduce the basic physics ol neutron 
production, interactions. and detection 

Instructor Notes: 

3 
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Additional Information for Students: 

Enabling Leaming Objectives 

Enabling Learning Objectives: 

- Identify the processes that generate neutrons 

International Nuclear Safeguards Engagement Program (INSEP) 
[Basics of Neutron NOA] 

[Fundamentals of Non-Destructive Assay for International Safeguards] 
[Los Alamos National Laboratory-September 28, 2017] 

- Explain the most common neutron production mechanism: spontaneous 
and induced fission and (a,n) reactions 

- Describe the properties of neutron from different sources 

- Recognize advantages of neutron measurements techniques 

- Recognize common neutrons interactions 

- Explain neutron cross section measurements 

- Describe the fundamentals of 3He detector function and designs 

- Differentiate between passive and active assay techniques 

Instructor Notes: 

4 
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Additional Information for Students: 

Why count neutrons? 

International Nuclear Safeguards Engagement Program (INSEP) 
[Basics of Neutron NOA] 

[Fundamentals of Non-Destructive Assay for International Safeguards] 
[Los Alamos National Laboratory-September 28, 2017] 

a -·-·--.. --·--

Useful for the assay of uranium and plutonium bearing items 
when the item does not lend itself lo gamma-ray assay 
- The Isotopes of Interest have low gamma-ray emission 

- The item is highly attenuating for the gamma-rays of interest (dense 
matrix) - This is usually the case 

- There are interfering gamma-rays such as those from fission products 

Instructor Notes: 

5 
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Additional Information for Students: 

Processes that generate neutrons 

International Nuclear Safeguards Engagement Program (INSEP) 
[Basics of Neutron NOA] 

[Fundamentals of Non-Destructive Assay for International Safeguards] 
[Los Alamos National Laboratory-September 28, 2017] 

·6>-~ =-==~ •• 
For Safeguards applications there are three dominate processes that generate 
neutrons lo be considered: 

To understand neutron counting 

techniques, one must first understand 

the fundamental physics of neutron 

production and interactions. This 

module will begin with a discussion of 

neutron origins. The most well-known 

process that generates neutrons is 

fission, which can either be 

Spontaneous Fission 

Induced Fission 

(a,n) Reactions 

Other processes that can produce neutrons are cosmic rays and other types of 
nuciear reactions [ (n.2n). (y.n). etc.) 

spontaneous or induced. Fission is the 

primary neutron production 

mechanism we are concerned with in neutron counting for safeguards and security purposes. 

However, other neutron production mechanisms can complicate neutron measurements. 

(a, n) reactions occur when a nucleus a-decays, meaning an unstable nucleus emits a helium 

nucleus, or an a particle, composed of two neutrons and two protons. This form of decay is 

unlikely to occur except in heavy elements, such as uranium, plutonium, and americium. The a 

particle then interacts with second material, such as oxygen or fluorine, and the resulting 

nuclear reaction generates a neutron. Neutron count rates can be used to determine the fissile 

mass in special nuclear materials. In a typical plutonium oxide item, about half the neutrons 

come from spontaneous fission and half from (a, n) reactions. So it is difficult to measure the 

plutonium mass by measuring the total neutron emission from an item. We use the timing 

properties of these different neutron sources to distinguish between them - see later. 

Less common reactions include (p, n), (n, 2n), (y, n), and cosmic ray interactions. As with (a, n) 

reactions, these processes produce neutrons that can contribute to and possibly complicate 

neutron assay measurements. 

Instructor Notes: 
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Additional Information for Students: 

Spontaneous and Induced Fission 

Spontaneous fission 

- Occurs all by itself 
- Fertile isotopes. " 8U, ™ Pu. 2A<lPu. 242Pu, 

Cm. Cf 
Induced fission 

- Induced hssron =•multipl1cat1on 

- Basis for weapons and reactors 

- Fissile isotopes: 2"U, '~Pu , mu 
(Note: Even isotopes also have IF 
component) 

Each fission produces between 0 to 9+ neutrons 
All flsslon produce coincident neutrons 

International Nuclear Safeguards Engagement Program (INSEP) 
[Basics of Neutron NOA] 

[Fundamentals of Non-Destructive Assay for International Safeguards] 
[Los Alamos National Laboratory-September 28, 2017] 

• ""'··""" =--= As shown in the slide, spontaneous 
•• fission is a random process that 

occurs as a mode of decay for certain 

isotopes. The short-range strong 
nuclear force easily overcomes the 

repulsive electrostatic forces of 

protons in light elements. In heavy 
elements, however, the electrostatic 

force can overcome the strong 

nuclear force, causing the isotope to 
fragment into two new elements. In 

this process, most of the roughly 200 MeV released in fission are carried in the two fragments. 

Neutrons and gamma rays are also emitted in the fission event, some immediately (prompt) 

and some after a few milliseconds or seconds (delayed), which carry some of the energy 
released in fission. The number of spontaneous fission neutrons emitted is proportional to the 

mass of the spontaneously fissioning nuclides. 

Referring back to the slide, the second illustration is of induced fission. Induced fission occurs 

when heavy isotopes are bombarded with low-energy neutrons, some of which are absorbed. 

The result is an excited compound nucleus (e.g. 235 U + n -7 236 U*) which splits into two fission 

fragments. As in spontaneous fission, prompt and delated neutrons and gamma rays are also 

emitted as a result of the fission event. The neutrons emitted in both spontaneous and induced 

fission can slow down and induce fission in other nuclei, and this process can eventually lead to 

a fission chain reaction. This chain reaction is the mechanism behind nuclear reactors and 

weapons. The number of neutrons emitted from induced fission not only depends on the 

amount of fissile nuclei but also on the shape and density of the material as well as the 

presence of neutron absorbing materials. 

Isotopes with odd neutron numbers (odd-even or odd-odd) that are easily induced to fission by 

low-energy neutrons are known as "fissile." Fissile isotopes of interest in nuclear safeguards 

and security include 235 U, 239Pu, and 233 U. Some even-even isotopes can also be induced to 

fission, but only with high-energy neutrons. Even-even isotopes that are not easily induced to 

fission by low-energy neutrons are known as "fertile." Through neutron capture, fertile isotopes 

can be a source of fissile isotopes. They also have a much higher probability than fissile isotopes 

of spontaneous fission. Fertile isotopes of interest in nuclear safeguards and security include 
23su, 238Pu, 240Pu, 242Pu, 242cm, 244Cm and 2s2cf. 

Neutrons from both types of fission are emitted in bursts rather than singly and this can be 
used to differentiate them from (a, n) neutrons. 

Instructor Notes: 

7 
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Additional Information for Students: 

Spontaneous Fission 

-
10000 

1000 

100 

10 

0.1 

0.01 

O.ll01 ...... 
Define plutonium 240 eff11ctive fraction: 
" 0Pu,n= 2.52 • '"Pu+ " 0Pu + 1.68 • "'Pu 

This is determined from the isotopic composition. 

Instructor Notes: 

International Nuclear Safeguards Engagement Program (INSEP) 
[Basics of Neutron NOA] 

[Fundamentals of Non-Destructive Assay for International Safeguards] 
[Los Alamos National Laboratory-September 28, 2017] 

·6>-~ =-==~ •• 
Fission rates depend 
on 1SOl0P9. 

Even plutonium and 
uranium isotopes have 
larger spontaneous 
fissoon rates. • 
~ 

• 

8 
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Additional Information for Students: 

Multiplication 

International Nuclear Safeguards Engagement Program (INSEP) 
[Basics of Neutron NOA] 

[Fundamentals of Non-Destructive Assay for International Safeguards] 
[Los Alamos National Laboratory-September 28, 2017] 

·6>-~ =-==~ •• 
Multiplication is the total number of neutrons that oxisted in the item 
divided by the number that was created. 

This slide presents an illustration of 

the multiplication process. A fission 

(spontaneous or induced) produces 

neutrons, which induce fission in 

surrounding nuclei. The induced 

fissions produce neutrons which also 

induce fission in surrounding nuclei, 

and the process continues. The 

induced fission neutrons are time­

correlated to the initial fission or 

" ... a­.···-··-. • • •• 
Spontaneous fission produces neutrons 
Neutrons induce fission 
Induced fission produces neutrons 
Going back to neutrons induced fiss ion 

other neutron production event. 

•• 
• •• 

Neutron count rates are related to the amount of fissionable material present. In materials with 

high enough spontaneous fission rates (e.g. plutonium), enough multiplication occurs without 

outside stimuli that we can use "passive" detection methods to characterize the material. Other 

materials (e.g. uranium), have very low spontaneous fission rates, and an outside source is 

required to induce fission within the material and generate a high enough count rate to be 

statistically significant. 

Instructor Notes: 

9 
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International Nuclear Safeguards Engagement Program (INSEP) 
[Basics of Neutron NOA] 

[Fundamentals of Non-Destructive Assay for International Safeguards] 
[Los Alamos National Laboratory-September 28, 2017] 

Additional Information for Students: 

(a ,n) Reactions 

(a.a) rstc:s from PuO: and UO: 

~ ~ ..... _(n/(g.•JI 

mu •.B 
"'IJ 3 .0 

"'IJ 0.00071 

""' 0..02• .. .., O.OOOOll3 

'_uPu 13,400. 

1-»Pu 38.1 

l'-'Pu 14 1. 

t.t1fl'u 1.3 

.,.,Pu 2.0 

M•Am 2.680. 

Instructor Notes: 

• 

·6>-~ =-==~ •• 

• Neutron Emission Occurs in Singlc1s (randomly) 
• Neutron Emission ~on Sa~lc Composi tion 

The alpha value (o) i~ defined n' 1hc rallo ofrh.: (o.n) 
to spontaneou~ fi~1on neutron producuon ratCj,. 

10 
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Additional Information for Students: 

(a,n) Neutron Yields from Selected Elements 

N111ntral 
"Jcntron yield per IO" 

Yicld Rd111twc "''Cf"ftgc l':cu1ronl 
Flcmcn1 nJphM 

10 0 F.nc.n• (McV) F. • S.HlcV (av_ Pul 
Be 65 1102 4-2 

8 L 17 5 
1 

297 2? 
F 5.9 100 1.2 -
L1 I 13 I 19.2 0.3 

Na I.I I 18.6 - 0.9 

Ma 0 .89 I 15.I 2.7 

Al 041 j 695 1.0 

Si 0 .076 1.29 1.2 
Cl 0 07 I I 19 -o s 

_ c I 0 .078 + 1.32 4.4 -0 0 .059 1.00 1.9 

Instructor Notes: 

International Nuclear Safeguards Engagement Program (INSEP) 
[Basics of Neutron NOA] 

[Fundamentals of Non-Destructive Assay for International Safeguards] 
[Los Alamos National Laboratory-September 28, 2017] 

·6>-~ =-==~ •• 

The number of 
(a,n) neutrons 
pro<luet.-.0 strongly 
depends on the 
ligh1 elemenIS in 
lhe item. 

11 
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Additional Information for Students: 

Neutron Signatures 

. . ·•-' Zt-103 1- · Pu-240 xe~134 

(ilpfli .n)nwtrom 

o · - ·· N<>-2() 
0.17" · 

s~te neutron only 

Instructor Notes: 

International Nuclear Safeguards Engagement Program (INSEP) 
[Basics of Neutron NOA] 

[Fundamentals of Non-Destructive Assay for International Safeguards] 
[Los Alamos National Laboratory-September 28, 2017] 

a ··--····--··-

Sf""91•XUU~ 

fSUIOO ~«S 
oo av~~Z.l 

neul1'l't•h .11nd 
induct nu .on 
pruduoo J 0 

12 

We can verify the amount of 
fissionable material present by 
counting the number of neutrons 
emitted from a sample. The amount 
of fissionable material is also related 
to the a-decay rate. Low count rates 
(as in waste) can be increased by the 
presence of (a,n) reactions. 
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International Nuclear Safeguards Engagement Program (INSEP) 
[Basics of Neutron NOA] 

[Fundamentals of Non-Destructive Assay for International Safeguards] 
[Los Alamos National Laboratory-September 28, 2017] 

Additional Information for Students: 

Advantages of Neutron Measurements 
techniques 

·6>-~ =-==~ •• 
Neutron rates are related to the amount of fissionable material. (Pu, U, elc. -
what we need to safeguard) 

Highly penetrating. 

- Low rate of interaction with matter. 

- Can measure entire volume of Item. 
- Reduces sampling errors. 

- Can measure large volume items. Gamma rays are limited (typically) to 
smaller items. ("Skin thickness.") 

Insensitive to interference by other gamma-emitting radionuclides. (unless a 
(y,n) source) 

Neutron count rates are related to the 

amount of fissionable material 

present. This is an important 

characteristic to nuclear material 

safeguards, as it means that we can 

verify the amount of fissionable 

material present by counting the 

number of neutrons emitted from a 

sample. Neutron measurements allow 

inspectors to verify the amount of 

nuclear material within a sample without destroying the sample. Nondestructive safeguards 

techniques are known as Nondestructive Assay (NOA). 

Neutrons have several advantages over gamma rays in safeguards applications. They are highly 

penetrating because they have low interaction rates with matter. They can be used to measure 

the entire volume of a sample, as a neutron produced in the center of a sample has a high 

probability of exiting the sample and being detected. 

For destructive analysis a small sample of the whole item is taken and only this part is 

measured. If the item is not uniform, then the result is not representative of the complete item. 

This is called sampling error. By measuring neutrons from the entire item we avoid sampling 

errors. It also means that samples with large volumes can be measured. Gamma rays can only 

penetrate the outer layer ("skin thickness") of large samples, meaning that they cannot provide 

a complete picture of the item in question. Therefore, they are typically limited to small items. 

Neutron detectors are also insensitive to interference by other gamma-emitting radionuclides 

that may be present in the sample, except (y,n) sources. Gamma detectors are sensitive to the 

signals of all gamma-emitting radionuclides in the vicinity of the detector, which can confuse 

measurements. 

As an example, UFG cylinders contain a large amount of fissionable material (235U). Historically 

measurements of the 235U content of these cylinders have been made using a combination of 

weighing scales and gamma-ray measurements. The gamma-ray measurements are only able to 

measure the material closest to the walls of the cylinder, meaning that they may not give a 

representative value for all of the material in the cylinder. New technological developments 

have enabled neutron measurements of these cylinders, and thus full-volume verification of the 

samples. 

Instructor Notes: 

13 
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Additional Information for Students: 

Neutrons Interaction with Matter 

International Nuclear Safeguards Engagement Program (INSEP) 
[Basics of Neutron NOA] 

[Fundamentals of Non-Destructive Assay for International Safeguards] 
[Los Alamos National Laboratory-September 28, 2017] 

·6>-~ =-==~ •• 
For safeguards application, there are three important 
mechanisms for how neutrons interact with matter 

Neutrons interact with matter in 

several ways. We will discuss two 

interactions (moderation and 

absorption) that are important to 

nuclear safeguards and some of the 

physics concepts that are necessary to 

understand neutron interactions over 

the next few slides. 

• Moderation 
• Scattering 
• Absorption 

The concept of cross section is important to 
understand these concepts. 

Instructor Notes: 

14 
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Additional Information for Students: 

Cross Section Concept 

Interaction rate = a ' N.,...,.. • N,..,.,;.1 • Thick,..,,..., 

International Nuclear Safeguards Engagement Program (INSEP) 
[Basics of Neutron NOA] 

[Fundamentals of Non-Destructive Assay for International Safeguards] 
[Los Alamos National Laboratory-September 28, 2017] 

·6>-~ =-==~ •• 

cr = cross section = measure of probability of neutron interaction 

Neutron cross sections are a measure 

of the probability that a neutron will 

interact with a certain material. Look 

at the image on the slide and imagine 

the green dots are neutrons. They 

intercept the material, which has 

some thickness, and they interact in 

different ways with the material. 

Unit of area (barns) that a neutron · sees". 
Nucleus dependent 
Energy dependent. 

Etfee11ve size of red 
OJtom s is cross section 

Some are absorbed, some are 

scattered, and some pass through 

without interacting at all. The probability of a particular interaction can be considered to be the 

"effective size" of the red atoms that compose the material. This effective size is measured in a 

unit of area called a "barn," which can also be thought of as the area that the neutron "sees." A 

barn is 10-24 cm2• 

The interaction rate of neutrons passing through a material is calculated by multiplying the 

cross section in barns by the thickness of the material, the number density of neutrons and the 

number density of the material. The unit analysis is as follows: [interactions/cm3·s] = 

[cm 2
] x[neutrons/cm3]x[atoms material/cm3

] *[cm]. 

Cross sections are dependent on the particular nuclei involved in the interactions and on the 

energy of the incoming neutron. For example, 3 He, which is used as the detection medium for 

most neutron detectors, has a large absorption cross section for thermal neutrons. However, it 

has a very low absorption cross section for fast neutrons. The dependence of cross sections on 

energy will be illustrated in an upcoming slide. In contrast, interactions between gamma and 

materials vary much more uniformly as a function of material mass and gamma energy. 

Instructor Notes: 

15 
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Additional Information for Students: 

Cross Section 

Reduce complex 
interactions to single 
number. 
Shown is a total cross 
section. 
For NOA purposes, 
typically cross 
sections Increase wtth 
decreasing energy. 

International Nuclear Safeguards Engagement Program (INSEP) 
[Basics of Neutron NOA] 

[Fundamentals of Non-Destructive Assay for International Safeguards] 
[Los Alamos National Laboratory-September 28, 2017] 

·6>-~ =-==~ •• As mentioned in the previous slides, 

neutron cross sections for different 

materials are dependent on the 

energy of the incoming neutron. This 

slide provides an illustration of this 

effect. One can see that the (n,a) or 

(n,p) cross sections of boron-10, 

lithium-6, and helium-3 increase by 

several orders of magnitude as the 

incoming neutron energy decreases 

-~CIYlt 
- -"Uc""'• 
- • • t• .nl 

10 

from 1 MeV (fast) to 0.025 eV 

(thermal). The increase in cross section with decreasing energy is the reason moderating 

materials are used in detector systems. Moderation significantly increases the probability of 

interaction within the detector. 

Instructor Notes: 

16 



.,,....,, ___ _ 
NONPROLIFERATION i!il 
ARMS CONTROL (NPAC) 

i 11\TERNA.TlO~L NUCl.£.lR S.lF'ECUAROS 

International Nuclear Safeguards Engagement Program (INSEP) 
[Basics of Neutron NOA] 

[Fundamentals of Non-Destructive Assay for International Safeguards] 
[Los Alamos National Laboratory-September 28, 2017] 

Additional Information for Students: 

Neutrons Interaction: Moderation 

·6>-~ =-==~ •• 
Moderation is the process by which a neutron collides with matter and loses 
energy 
- l.o. 2 McV to 0.025 oV 

The probability of neutron detectiOn in 'He is largest when the neutrons have 
energies near thermal 
Most energy lost (best moderation) when neutron collides with nuclei of 
similar mass. (i.e. hydrogen (protons)! 
- Water 
- Polyethylene 

Moderation usually takes many collisions (-27 for a 2 MeV neutron in 
polyethylene) 
Typically - Y. ol neutron energy lost per collision olf hydrogen 

Moderation is the process by which 

neutrons collide with matter and lose 

energy as they pass through different 

materials. For example, if a 2 MeV 

neutron is emitted from a radioactive 

source and bounces around in a 

material it loses energy with each 

collision event, eventually reaching 

"thermal" energy, 0.025 eV. 

Depending on the material, this 

energy loss happens at different rates. Moderation is important in safeguards because the 

probability of neutron detection in 3 He, the most common neutron detection medium in 

nuclear safeguards, is highest when neutrons have energies near thermal. 

The best moderating materials for neutrons are those with nuclei of similar mass, like 

hydrogen, which consists only of a single proton and an electron. Hydrogenous materials, like 

water and polyethylene, therefore make the best moderators. In polyethylene, a 2 MeV 

neutron requires about 27 collisions to reach thermal energy. The collisions required to 

moderate neutrons usually take only 2-5 µs. In a heavy material like lead, the neutron requires 

many more collisions to reach thermal energy, which allows neutrons to be much more highly 

penetrating than gamma rays in certain materials, like metals. 

Moderation is also known as inelastic scattering, meaning that in a scattering event, some 

amount of energy is deposited in the impacted nucleus. Inelastic neutron scattering 

interactions are commonly] 

Instructor Notes: 

17 
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International Nuclear Safeguards Engagement Program (INSEP) 
[Basics of Neutron NOA] 

[Fundamentals of Non-Destructive Assay for International Safeguards] 
[Los Alamos National Laboratory-September 28, 2017] 

Additional Information for Students: 

Moderation versus Scattering 

·6>-~ =-==~ •• 
• What happens (i.e. how much energy is lost) when: 

- Pool ball hit~ bowling ball: pool ball loses /i11/e. 
- Pool ball hi is pool ball: pool ball can lose (II/. 

• Most energy lost (best moderation) when m 1 = m2• i.e. 
hydrogen (protons). 
- Waier, H,0 
- Polyc1hylenc, CH2 

• When a neutron hits a heavy atom, very little energy is lost. 
The neutron is scattered with almost the same energy. 

Consider the collision of two equal 
mass balls. When one ball hits 
another ball, the energy from the first 
ball transferred to the second ball in 
the collision depends on the angle of 
the outgoing ball. The energy of the 
first ball after the collision can vary 
between its incoming energy and 

zero. This is because the two balls 
have an equivalent mass. Now 
consider a billiard ball hitting a 

bowling ball. In this collision, the billiard ball retains most of its initial energy (whatever the 
angle) and bounces off the bowling ball, and the bowling ball hardly moves, because the mass 
of the bowling ball is much greater than that of the billiard ball. 
This example illustrates the reason that the best moderation occurs when the mass of the 
moderator is similar or equal to the mass of the neutron, as in hydrogenous materials. Water 
consists of two hydrogen atoms and one relatively light atom of oxygen. Polyethylene also 
consists of two hydrogen atoms and one relatively light atom, in this case, carbon. Water is 
commonly used as a moderator in nuclear reactors, because it serves the additional purpose of 
cooling the reactor fuel. It is not practical, however, to carry water-based detection systems 
around, so polyethylene is the most common moderator used in safeguards. 

Instructor Notes: 
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Additional Information for Students: 

Neutron Interaction: Absorbers 

·6>-~ =-==~ •• 
Absorpbon processes are reactions is lost in the interaction with a nucleus. 

Examples include (n . y), (n. p), and fission 

Cadmium and boron are good neutron absorbers for thermal neutrons 

Thenn1I 
N.uuons 

Fut Neutrons I-+ • -
/ 

c~dmlum 

Neutron absorption is 
energy-dependent: 

, Below 0.3 eV, 0.5 mm 
Cd is virtually opaque 

;. Above 3 eV. Cd is 
almost transparent 

Neutrons can also be absorbed, rather 

than simply slowed down, when they 

interact with certain nuclei. The 

absorption yields an excited nucleus, 

which de-excites through the release 

of something else, like protons or 

gamma rays. Examples of these sorts 

of interactions include (n,y), (n,p), and 

fission reactions. 

Neutron absorbers are very important 

in nuclear safeguards. They can impair measurements, improve the statistical uncertainty in 

measurements, and, in the case of fission reactions, form the entire basis of measurements. 

An example in which neutron absorbers impair measurements is in the case of gadolinium (Gd), 

which is commonly added as a neutron poison to increase the lifetime of nuclear fuel. 

Measurements made by the Uranium Neutron Coincidence Collar (UNCL), which we will study 

in the final module of this course, must be corrected for the presence of Gd in fuel, because it 

reduces the number of neutrons emitted from the fuel and obscures the true amount of 

fissionable material present in a sample. Boron is also occasionally used as a neutron poison in 

nuclear fuel, and in some cases as a detection medium in neutron detectors. 

An example in which neutron absorbers improve the statistical uncertainty of measurements is 

the case of cadmium liners. These liners capture thermal neutrons, but allow "fast" (high 

energy) neutrons to pass through. Certain detectors only count fast neutrons because they can 

provide more information about the sample than thermal neutrons, for which all information 

about the energy of the neutrons when they are emitted from the sample is lost to the 

moderation process. 

Instructor Notes: 
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Additional Information for Students: 

Neutron Detection 

Uses 3He tubes imbedded in moderating material. 

Reaction is: n + ' He --> p + 3H + 765 keV. 

Releases charge which is COiiected by gas tube. 

Detectors produce a distribution of electrical pulses. 
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[Los Alamos National Laboratory-September 28, 2017] 

Electronics amplifies the pulses. sets threshold, and converts pulses 
above threshold to digital pulses. 

Now that you know the fundamental 

physics of neutron detection, we can 

discuss how 3 He detectors work. All of 

the detectors we will be using in this 

course for neutron counting are 3 He­

based. 

The image in the slide illustrates a 

typical 3 He detector design. Most 3 He 

detectors consist of some number of 

aluminum tubes filled with 3He gas. These tubes are embedded in a moderating material, such 

as polyethylene. As you may recall from the previous slide, 3 He has the highest cross section for 

incoming neutrons near thermal energies. When a thermalized neutron enters a 3 He tube, it 

reacts with the 3He, generating a proton (1H) and a triton (3H), which share 765 keV of energy 

(plus the initial neutron energy). 

3 He detectors fall in the category of detectors known as proportional counters, and they rely on 

gas multiplication to amplify the signal generated in the neutron/gas reaction. A high voltage is 

applied across the tubes, creating an electric field within the tubes. Electrons generated in the 

reaction are accelerated in the electric field. If they are sufficiently accelerated by the field, 

when they collide with the gas molecules, they can create electron-ion pairs. The resulting 

electrons are accelerated and also react, eventually causing a chain reaction called an 

avalanche. A positively charged anode wire runs through the center of the negatively charged 

tube casing. The anode wire collects the free electrons, generating a voltage pulse which is 

measured by the detector electronics. The avalanche ends when all of the free electrons have 

been collected. 

If one (or both) of the charged particles hits the detector wall, there is less energy deposited in 

the gas and fewer ion pairs are created. This does not change the counting rate (or detection 

efficiency) of the detector as long as the electronic threshold is set sufficiently low. 

Instructor Notes: 

20 



.,,....,, ___ _ 
NONPROLIFERATION i!il 
ARMS CONTROL (NPAC) 

i 11\TERNA.TlO~L NUCl.£.lR S.lF'ECUAROS 

International Nuclear Safeguards Engagement Program (INSEP) 
[Basics of Neutron NOA] 

[Fundamentals of Non-Destructive Assay for International Safeguards] 
[Los Alamos National Laboratory-September 28, 2017] 

Additional Information for Students: 

Neutron Detector Design 

3He neutron detector tubes are most sensitive to low energy "thermal" neutrons 
E..,. - 0.025 eV. but higher energies can be captured. 
Fission neutrons emitted at MeV energies. 
Moderation reduces neutron energy so they can be detected. 
Moderation (slowing down and thermalizalion) occurs in about 2-5 
microseconds by multiple collisions. 
Die-away time is longer because the neutrons diffuse through polyethylene 
before escape or capture. 
General design is to embed detector lubes in a polyethylene block. 

- Effec1ive modmttiorL 
- l n~xpen11;i\-e 

- Srablo 

This slide summarizes the most 

important lessons learned about 

detector design. First, 3 He detector 

tubes are most sensitive to low 

energy "thermal" neutrons, which 

have an average energy of about 

0.025 eV, but neutrons with higher 

energies can be captured. Fission 

neutrons are emitted at high energies, 

in the MeV range, so moderators 

must be used to reduce the neutron energies and allow them to be detected. The collisions 

required to sufficiently moderate neutrons usually require only 2-5 µs. Die-away times are 

longer than moderation times because the neutrons diffuse through the system before they 

either escape or are captured. The general design basis for most neutron detectors is to embed 

several 3 He tubes in a polyethylene block, which has a high concentration of hydrogen and thus 

is an effective moderator. 

Instructor Notes: 

21 



.,,....,, ___ _ 
NONPROLIFERATION i!il 
ARMS CONTROL (NPAC) 

i 11\TERNA.TlO~L NUCl.£.lR S.lF'ECUAROS 

International Nuclear Safeguards Engagement Program (INSEP) 
[Basics of Neutron NOA] 

[Fundamentals of Non-Destructive Assay for International Safeguards] 
[Los Alamos National Laboratory-September 28, 2017] 

Additional Information for Students: 

·6>-~ =-==~ •• 
Passive Neutron Coincidence Counter 

-....-. 
--- ft1. ,...I 

'He neutron dete<:tors 
F1ss10nmg source surrounded by neutron 
dete<:tor.; 
Prompt rrult1pte neutron emission from 
fission dele<:ted as coincidence neutron 
events 
Moderator used to thermafize neutrons for 
efficient dete<:toon and to spread the events 
oulln ume. 
Coincidence electronics registers the 
coincidence count rate. which is 
propo<lional to the mass or fissioning 
isotopes. 

This slide summarizes the most 

important lessons learned about 

detector design. First, 3 He detector 

tubes are most sensitive to low 

energy "thermal" neutrons, which 

have an average energy of about 

0.025 eV, but neutrons with higher 

energies can be captured. Fission 

neutrons are emitted at high energies, 

in the MeV range, so moderators 

must be used to reduce the neutron 

energies and allow them to be detected. The collisions required to sufficiently moderate 

neutrons usually require only 2-5 µs. Die-away times are longer than moderation times because 

the neutrons diffuse through the system before they either escape or are captured. The general 

design basis for most neutron detectors is to embed several 3 He tubes in a polyethylene block, 

which has a high concentration of hydrogen and thus is an effective moderator. 
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Additional Information for Students: 

Neutron Detector Die Away 

Neutrons are lost in the detector by several processes: 

- Diffusing out of detector. 

- Diffusing to a 3He detector tube and being absorbed. 

- Absorption by hydrogen or cadmium. 

Hydrogen both moderates (good) and absorbs (bad). .. -
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The ne1Jlton hfebme in the 
system is represented by 
exponential decay. The lime 
constant is the die away time. 

u~ U · _t/ 
a.s r 
u - e 
u .... .. , 

Neutrons are lost within neutron 

detection systems by several 

processes. They can diffuse out of the 

detector, they can be absorbed within 

the detector tube and thus be 

counted, or they can be absorbed by 

either hydrogen or cadmium. While 

hydrogen is a useful moderator, it can 

absorb thermal neutrons and thus 
0 ~ 

t l 0.1 0.1 1..2 1 ~ 1 I 2. 1 2 4 2 f 

reduce the neutron count rate. 

Cadmium is frequently used between the sample and the moderator when trying filter out 

neutrons that have been thermalized within the sample in question, and only measure 

neutrons that are emitted at fast or epithermal energies. 

The time that passes between neutron generation and loss is known as the neutron lifetime. 
-t 

The neutron lifetime is represented by exponential decay, e"T, where the time constant Tis the 

die-away time. The die-away time is detector-specific. Most die-away times fall within 20-60 µs. 

Instructor Notes: 
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Additional Information for Students: 

Pulse Stream to Count Rates 

A shin 1eg1ster1s used to convert the neutron pulse 
stream 1010 the Singles (Totals> and Doubles (Reals) 
count rates. 

Pulse S1rcam 

The Singes 1s the number or neutrons detected 
The Doubles 1s the number of neutron pairs 
detected. Th.sis directly related to the number or 
fissions and 1s used to determine the mass or U or 
Pu 

s 
D 

The image on the slide above shows a 

typical neutron detector schematic 

for safeguards applications. A number 

of 3He tubes embedded in a 

moderating material surround a 

fissioning source. As described in the 

slide above, the neutrons are 

detected indirectly by reacting with 

the 3 He gas, which generates a 

voltage pulse that is measured by the 

counting electronics. Because the incoming neutrons are moderated, all information about 

their initial energies is lost. Therefore, we do not consider the size of the pulse (except to filter 

out background noise as any pulses falling below a particular threshold.) Rather, we consider 

the number of pulses that are counted. The procession of incoming pulses is known as the pulse 

stream. This stream is analyzed by pulse-processing electronics, as will be described in future 

lessons, to produce Singles (Totals} and Doubles (Reals} count rates, which can be used to 

obtain information about the fissioning sample in question. 
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Additional Information for Students: 

Instrument Choices 

PaS$4Ve AssayT~hnoques 
- Used tor spontaneous fission 
- Count neutrons produced man item. 
- Plutonium Assay ''°Pu,., mass (grams) 
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- DeterminatlOll of total mass requ11es 1sotop1c compos11JOn ('"'Pu.., fracbon) 
- High Level Neutron Coincidence Counter (requires representawe standards) 
- Neutron Mulbphc1tyCounter (applicable to wide range of matenal) 

Actl\le Assay T~hnrques 
- Used tor induced hssion when there 1s no (small) spontaneous fission 

- "'Pu, ' "LI 
- Count neutrons induced by external neutron source. 
- Act1Ye WelJ Co1nc1dence Counter, Uranium Neutron Co1nc;dence Collar 

Instructor Notes: 

25 



.,,....,, ___ _ 
NONPROLIFERATION i!il 
ARMS CONTROL (NPAC) 

i 11\TERNA.TlO~L NUCl.£.lR S.lF'ECUAROS 

Additional Information for Students: 

Passive Neutron Counters 
High LOYOI Neutron Mulbpflehy counter 

Neutron Co nctdence Counter 

Instructor Notes: 
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Active measurements are used to assay uranium samples. It consists of 42 3 He tubes that are 
pressurized to 4 atm and arranged in two circular rings around the sample space and embedded 
in polyethylene. It has an efficiency of 26% (far lower than that of the ENMC} and requires one 
or two 252Cf sources in the top and bottom end plugs to induce fission within the sample. By 
selective use of Cd shielding, the detector can be configured to use fast or thermal neutrons to 
induce fission in the uranium items. 
The Uranium Neutron Coincidence Collar (UNCL} is used to verify fresh fuel assemblies in fuel 
fabrication facilities . It consists of 16 3He tubes that are pressurized to 4 atm and embedded in 
polyethylene blocks on three sides. The fourth side is a polyethylene block with a source holder 
for the Am Li source. The source induces fission within a fuel assembly and the resulting neutrons 
are counted by the 3He tubes. The count rate is analyzed to verify the mass and enrichment of 
uranium in the assembly. 
You will have the opportunity to use both of these detectors during the laboratory sections of 
this course. 
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Additional Information for Students: 

Active Neutron Counters 
ACW8 Wtll uranium 

Neutron Co nctdence Counter ~eutron Coincideriu Co.liar 
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Active measurements are used to assay uranium samples. It consists of 42 3 He tubes that are 
pressurized to 4 atm and arranged in two circular rings around the sample space and embedded 
in polyethylene. It has an efficiency of 26% (far lower than that of the ENMC} and requires one 
or two 252Cf sources in the top and bottom end plugs to induce fission within the sample. By 
selective use of Cd shielding, the detector can be configured to use fast or thermal neutrons to 
induce fission in the uranium items. 
The Uranium Neutron Coincidence Collar (UNCL} is used to verify fresh fuel assemblies in fuel 
fabrication facilities . It consists of 16 3He tubes that are pressurized to 4 atm and embedded in 
polyethylene blocks on three sides. The fourth side is a polyethylene block with a source holder 
for the Am Li source. The source induces fission within a fuel assembly and the resulting neutrons 
are counted by the 3He tubes. The count rate is analyzed to verify the mass and enrichment of 
uranium in the assembly. 
You will have the opportunity to use both of these detectors during the laboratory sections of 
this course. 
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Additional Information for Students: 

Summary 
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Djfterent procuses may generate neutrons .sponbneous nsstcn, ~nduced nss.ion, ano (o, n) reactions 
FrsSIOn produce COf~aled neutrons \\hic.h c:ao be related lO the n&utron mus wtult! neutrons from (a 
n) react.ons are produced randomly ana can eompllcate neutron measurements 

s .. "8fal ad\oantages In us:Jng neutron measurtments 1ecnnk;,uet. neutron count related 10 amount of 
ft:SSionable material hi9'1ty penetr1tlng, me.asure the entires.amp~. reduces sampmg errors 
lrlsen!ltiYe to Interference by other ganima-emittlng radlonuct.des 

Neutron interacts v.1th matter in several ~ys. modenitJon, scauemg, and absorption. 
Neutron cross secl.()fJS measure the pr0bebd1ty th81 a neutron wt!' Wltef&tt wrtn e certa11 malenet end 
can be used to detefm ne lhe *t matertal tot certain applications 

Delee.tors used tor neutron c.ounlng are 1He detectors (can UH rephras ng) 

Different lnsuumenl$ c3n t>e usea to assay nuclear tn.1~tnal 

- ?assi'Ye ~ssay techniques used fot spontaneous fission from plutonium 

- Act.ve assay techmque.9· used for induced t--SSIOO from U111!'11Um 

Instructor Notes: 

28 


	Basics of Neutron INSEPS Instructor-Student Guide for Presentations_ 6-16_Page_01
	Basics of Neutron INSEPS Instructor-Student Guide for Presentations_ 6-16_Page_02
	Basics of Neutron INSEPS Instructor-Student Guide for Presentations_ 6-16_Page_03
	Basics of Neutron INSEPS Instructor-Student Guide for Presentations_ 6-16_Page_04
	Basics of Neutron INSEPS Instructor-Student Guide for Presentations_ 6-16_Page_05
	Basics of Neutron INSEPS Instructor-Student Guide for Presentations_ 6-16_Page_06
	Basics of Neutron INSEPS Instructor-Student Guide for Presentations_ 6-16_Page_07
	Basics of Neutron INSEPS Instructor-Student Guide for Presentations_ 6-16_Page_08
	Basics of Neutron INSEPS Instructor-Student Guide for Presentations_ 6-16_Page_09
	Basics of Neutron INSEPS Instructor-Student Guide for Presentations_ 6-16_Page_10
	Basics of Neutron INSEPS Instructor-Student Guide for Presentations_ 6-16_Page_11
	Basics of Neutron INSEPS Instructor-Student Guide for Presentations_ 6-16_Page_12
	Basics of Neutron INSEPS Instructor-Student Guide for Presentations_ 6-16_Page_13
	Basics of Neutron INSEPS Instructor-Student Guide for Presentations_ 6-16_Page_14
	Basics of Neutron INSEPS Instructor-Student Guide for Presentations_ 6-16_Page_15
	Basics of Neutron INSEPS Instructor-Student Guide for Presentations_ 6-16_Page_16
	Basics of Neutron INSEPS Instructor-Student Guide for Presentations_ 6-16_Page_17
	Basics of Neutron INSEPS Instructor-Student Guide for Presentations_ 6-16_Page_18
	Basics of Neutron INSEPS Instructor-Student Guide for Presentations_ 6-16_Page_19
	Basics of Neutron INSEPS Instructor-Student Guide for Presentations_ 6-16_Page_20
	Basics of Neutron INSEPS Instructor-Student Guide for Presentations_ 6-16_Page_21
	Basics of Neutron INSEPS Instructor-Student Guide for Presentations_ 6-16_Page_22
	Basics of Neutron INSEPS Instructor-Student Guide for Presentations_ 6-16_Page_23
	Basics of Neutron INSEPS Instructor-Student Guide for Presentations_ 6-16_Page_24
	Basics of Neutron INSEPS Instructor-Student Guide for Presentations_ 6-16_Page_25
	Basics of Neutron INSEPS Instructor-Student Guide for Presentations_ 6-16_Page_26
	Basics of Neutron INSEPS Instructor-Student Guide for Presentations_ 6-16_Page_27
	Basics of Neutron INSEPS Instructor-Student Guide for Presentations_ 6-16_Page_28

