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Overview 

•  Neutron basic concepts and natural 
sources 

•  Neutron interactions and reactions 
•  Neutron energy deposition in tissue 
•  Neutron monitoring and dosimetry 

–  Moderated thermal neutron sensors 
–  Tissue equivalent proportional counters 
–  Superheated emulsions 

•  Photoneutron and SNM measurements 



Neutron basic concepts and natural sources 

Neutrons - General Properties 

•  The neutron is stable only 
inside the nucleus.  

•  A free neutron is unstable and 
decays β–  with a half life of 
about 10 min. 

•  10 min is very long compared 
to the interaction times (in a 
nuclear reactor the half-life of 
a neutron is ~ 10-3 s).  

•  A free neutron may be 
considered stable, in the most 
important engineering 
applications of neutrons.  



Neutrons from Radioactive decays? 

More Radioactive decays 



Spontaneous nuclear fission 

In#prac(ce#Pu,239#will#invariably#contains#a#certain#amount#of#Pu,240#due#to#the#
tendency#of#Pu,239#to#absorb#an#addi(onal#neutron#during#produc(on.##
Pu,240's#high#rate#of#spontaneous#fission#events#makes#it#an#undesirable#
contaminant.#Weapons,grade#plutonium#contains#no#more#than#7.0%#Pu,240.#
#

Source#Wikipedia#

Nuclear fission 



Cosmic ray air showers are always with us  
Atmosphere#“thickness”#1#kg/cm2#

Collisions#are#random.#On#average:#
• #protons#collide#aQer#1/14th#≈#70#g/cm2#

• #alphas#collide#aQer#1/40th#≈#25#g/cm2#

• #heavy#ions#collide#in#even#less#

…and solar neutrons? 

Hints##
For#non,rela(vis(c#neutrons#E#=#½#mv2#

For#thermal#neutrons,#Eth#=#25#meV,#v#=#2.2#km/s#



•  Under#20#km#al(tude#
neutrons#dominate#as#
cause#of#so#called#Single#
Event#Effects#in#avionic#
systems.#

•  In#mountains#and#at#sea#
level#there#are#enough#
of#them#to#be#a#real#
concern#for#ground,
based#electronics#that#
play#vital#roles#(e.g.#in#
computers,#pace#
makers,#cars,#vo(ng#
machines,#power#
devices#in#locomo(ves..)#

Shower#maximum#at#~18#km#

Cosmogenic neutrons 

Why do Medical Physicists care  
about neutrons? 

 

•  Neutrons in Medicine 
– Neutron Therapy 
– Neutrons Contamination  

in X-Ray and Hadron Therapy 

•  Unwanted 
patient dose 

•  Shielding 
Considerations 

•  Neutron Dose 



Why do Nuclear Engineers care  
about neutrons? 

 

•  Neutrons in Nuclear Power Plants 
– Chain reaction 
– Radiation damage/activation 
– Personnel/area monitoring 

Neutron measurements  
at/around a nuclear plant 

Power#
level#

Reactor#
dosimetry#

In,service#inspec(ons#
Personnel##

and#area#monitoring#

Environmental#
monitoring#



Neutron interactions and reactions 

Neutrons – More General Properties 

•  Neutrons are Neutral 
–  Can Not interact by Coulomb forces 
–  Can travel through several cm of material without 

interacting. 
•  Neutrons interact with nuclei of absorbing material 

(they do not interact with orbital electrons). 



Overview of Neutron Interactions  
Scatter and Absorption 

Total 

Scatter Absorption 

Inelastic 
Scatter 
(n,n�) 

Elastic 
Scatter 
(n,n) 

Electro-
magnetic 

(n,γ) 

Neutral   
(n,2n)     
(n,3n)    
(n,4n)    
(n,xn) 

Charged  
(n,p)            
(n,α)        
(n,d)     

(n,etc) 

Fission   
(n,f) 

Sometimes 
called 

�radiative� 
capture Sometimes called 

�transmutation� 

Sometimes shown as 
(n,nγ) 

Non-elastic 
Processes 

(n,n�3α) 

(n,n�4α) 

(n,n�etc) 

Also called �neutron 
capture� 

Boxes shaded in light blue follow the compound nucleus model. 

Neutron interaction types 



Reaction Cross Sections 

•  A neutron reaction cross section quantitatively describes the 
probability of a particular interaction occurring between a 
neutron and matter.  

•  When the reaction cross section is defined microscopically 
per nucleus, it is denoted by σ and has S.I. Units = cm2 

–  Common unit for reaction neutron cross sections is the barn 
(10-24cm2).   

•  Reaction cross sections are BOTH energy and interaction 
type dependent. 

σ$

Reaction Cross Sections 

•  Macroscopic cross section, Σ, probability per unit path 
length that a particular type of interaction will occur. 

�  σ = microscopic cross section, cm2 

–  N = number of nuclei per unit volume, nuclei/cm3 

•  All processes can be combined to calculate Σtotal, 
probability per unit path length that any type of interaction 
will occur. 

σN=Σ

...... +Σ+Σ=Σ captureradscatterTotal



Exponential Attenuation 

•  Neutrons are removed 
exponentially from a 
collimated beam by an 
absorbing material. 

Io I 

 where 
N  number of absorber atoms 

per cm3 (atomic density) 

σ  microscopic cross section for 
the absorber, cm2 

t  absorber thickness, cm 

t
o

totaleII Σ−= σtotalN

How does this help us detecting neutrons? 

Photon detection 
•  Neither#photons#nor#neutrons#are#directly#ionizing.##

•  To#detect#them#they#must#be#converted#to#directly#ionizing#par(cles#
– Photons#interact#primarily#with#electrons##

– Reliance#on#photoelectric#effect##
– The#photo,electron#acquires#all#the#energy#of#the#gamma#ray#



Energy spectrum of reactor neutrons 

thermal#

intermediate#

fast#

Neutron Interactions are Energy Dependent 

•  There is no real equivalent of the photoelectric 
effect for neutrons 

•  Lower energy neutrons (thermal or near thermal) 
are likely to undergo absorption reactions with 
atoms in their environment. 

•  Fast neutrons are most likely to undergo scatter 
interactions with atoms in their environment. 

–  Elastic Scatter – dominate for lower energy fast neutrons 
–  Inelastic Scatter –  above 1 MeV  



Neutron Detection 

•  At low energies some reactions with low-Z nuclei 
can be used to transfer the neutron energy to 
charged particles: e.g. 

 

•  Note: both products are charged and can be detected 

3He(n,p)3H 
10B(n,α)7Li  
6Li(n,α)3H 
 

3He, 10B and 6Li cross sections 
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Fast Neutron Absorption (Activation) 



Neutron energy deposition in tissue 

Neutron Interactions in tissue 

•  Neutrons are indirectly ionizing and but give rise to densely 
ionizing (high LET) particles: recoil protons, α-particles, and 
heavier nuclear fragments 
–  These particles then deposit dose in tissue.   

•  The type of interaction and the amount of dose deposited in 
the body is strongly dependent on neutron energy and 
absorbing material.   
–  The most common elements in the human body are  

Hydrogen, Carbon, Nitrogen, and Oxygen. 
 

 



1H(nth,γ)2H  
•  It releases a 2.22 MeV γ-ray that irradiates the surrounding tissue 
•  It is one of the two important interactions by which thermal neutrons 

deposit energy in tissue 
•  Often seen as a background gamma-ray in power and research reactors 
 

14N(nth,p)14C 
•  It releases 626 keV and contributes approximately 1% of the total dose 

equivalent in soft tissue for neutron energies less than 10 MeV 
•  the absorbed dose is delivered locally at the interaction site, since the 

ranges of proton and 14C recoil nucleus are short 

23Na(nth,γ)24Na 
•  The decay of 24Na (half-life = 15 h) yields two γ's of 100% intensity:  1.37 

and 2.75 MeV) 
•  It activates human blood sodium and can be used to quick-sort personnel 

after a suspected criticality 
 

Slow Neutron Interactions with Tissue 

Fast Neutron Interactions in tissue 

•  Fast neutrons interact with hydrogen via elastic 
processes and result in the release of energetic protons 

•  Higher energy neutrons interact with carbon and oxygen 
via nonelastic processes and result in the release of 
charged α-particles, (n,n�3α) and (n,n�4α). 
–  These α-particles then deliver dose to tissue 



Neutron radiation protection dosimetry 

Neutron#
fluence#
spectrum#
around#a#
reactor#

Dose,
equivalent#
weighted#
spectrum#

Ideal#
neutron#
dosimeter#
response,#
H*(10)/Ø#

3He(nth,p)3H 
•  It is the basis for the use of 3He as a gas in several types of neutron 

proportional counters 

6Li(nth,t)4He or 6Li(nth,α)3H 
•  It releases a tritium nucleus (triton) and a helium nucleus (α particle) 
•  it is used in many neutron detection instruments, including 

thermoluminescent dosimeters (TLDs) 

10B(nth,α)7Li 
•  It is used in neutron shielding and as the basis for neutron detectors 

utilizing BF3 gas or boron-lined counter tubes 

1H(n,n)1H 
•  It is used in neutron moderation/shielding and in organic (solid or gas) 

detectors and dosimeters 

 

Neutron Reactions Important in Health Physics 



Neutron dosimetry approaches 

•  Design of systems mimicking the 
fluence to dose equivalent 
conversion coefficient 

•  Measurements of LET spectra 
and convolution over Q(L).  

•  Utilization of physical 
phenomena resembling 
dose (equivalent) 
deposition in tissue. 

Neutron monitoring and dosimetry 
 
 
- Moderated thermal neutron sensors 
- Tissue equivalent proportional counters 
- Superheated emulsions 



Neutron detection basics 

•  Neutrons#are#detected#through:#
→  secondary#charged#par(cles#

→ generated#via#elas(c#or#
inelas(c#reac(ons#with#nuclei.#

Neutron proportional counters 

•  Gamma#rays#can#interact#in#the#walls#and#produce#electrons#in#the#
gas,#but#the#energy#loss#of#electrons#is#small#(≈#2#keV/cm),#so#that#
these#pulses#are#much#smaller#than#those#due#to#neutrons;#

•  A#pulse#amplitude#threshold#can#thus#eliminate#most#gamma#
interac(ons.#

#

Courtesy Marco Silari, CERN!



Neutron area survey instruments 

•  Thermalize the neutron field 
using large mass of 
hydrogenous material 

•  Correct the over-response to 
intermediate energy 
neutrons via an absorbing 
layer (e.g. boron or 
cadmium) in the moderator 

•  Prevent an over-suppression 
of the thermal neutron 
response via holes in the 
absorbing layer 

•  More sophisticated designs 
not in widespread use 

*

*

*

Fluence response R/Φ of a survey monitor 
(Leake design) MCNP and experiment 
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Detection of high-energy neutrons (LINUS) 

*

•  The#instrument#response#can#be#
extended#to#high,energy#neutrons#
(up#to#a#few#GeV)#by#coupling#an#
anenuator#shell#of#high,mass#
number#to#the#moderator.#
Evapora(on#neutrons#play#a#
fundamental#role#for#improving#the#
response#to#HE#neutrons.#

•  This#technique#is#applied#to#BSS,#
rem,meters,#liquid#scin(llators#and#
superheated#emulsions.#
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Tissue Equivalent Proportional Counters (TEPC) 

•  Cylindrical or spherical  housing 
(Depending on Type and Model) 

•  Uses 2 - 5 inch Hollow Sphere of 
A150 TE Plastic in stainless steel 
-  Low pressure TE Proportional Gas 

-  Typically Simulates 1-2 µm Tissue 
Sphere – Bragg-Gray Principle 

-  Measures lineal energy distribution 

-  Microprocessor Multi-Channel 
Analyzer 

•  Converts specific energy absorption 
to Dose Equivalent 
-  QFs from ICRP recommendations 



Bragg-Gray cavity theory  

IAEA
Diagnostic Radiology Physics: a Handbook for Teachers and Students – chapter 3, 34

3.4. CAVITY THEORY
3.4.1. Bragg-Gray cavity theory

The main assumptions of this theory are:
• the cavity dimensions are so small compared to the range of charged

particles within it so that the fluence of charged particles inside the cavity
is not perturbed by the presence of the cavity

• there are no interactions of uncharged particles in the cavity so that the 
absorbed dose deposited in the cavity is due to the charged particles that
cross the cavity

The symbol has the double bar to indicate 
that this ratio of average stopping-powers
considers both the average over the photon-
generated electron spectrum and the changes 
in this spectrum due to the continuous loss of 
kinetic energy in the materials.

w
gS

Dw is the absorbed dose in the medium w
Dg  is the absorbed dose in the cavity g

is the fluence energy distribution
of the electrons in the mediumwdT
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Under these conditions: IAEA
Diagnostic Radiology Physics: a Handbook for Teachers and Students – chapter 3, 33

3.4. CAVITY THEORY3.4. CAVITY THEORY
3.4.1. Bragg-Gray cavity theory

Adapted from IAEA – Syllabus on radiation therapy. 
Slide prepared by G.H.Hartmann

A cavity can be of small, 
intermediate or large size 
compared to the range of 
the charged particles in 
the cavity

The Bragg-Gray theory deals with small cavities

W. H. Bragg began the development of the 
theory, in 1910, but it was L. H. Gray, 
during his PhD work, co-supervised by 
Bragg, who formalized the theory

Absorbed Dose (D) 

•  The#energy#absorbed#in#a#material#(usually#(ssue)#
divided#by#the#mass#of#the#material#

•  Unit#is#the#gray,&Gy&[J/kg]#(SI),#or#the#rad#(US)#

•  Defined#for#all#types#of#ionizing#radia(on#in#any#medium#

•  Does#not#account#for#energy#deposi(on#panern#
(ioniza(on#density)#

D
dmmaterial

=
dε

1 100 Gy =  rad

D
Ddm

mT
m

T

T=
∫



Linear energy transfer (LET) 

Radiation quality 

•  A#physical#quan(ty#which#describes#biological#effects#for#
all#radia(on#quali(es#does#not#(yet)#exist#

•  Absorbed#dose#needs#“correc(on#factors”#
–  rela(ve#biological#effec(veness#(RBE)#
–  quality#factors#(Q)#

•  RBE#
–  dependent#on#biological#endpoint#and#object#
–  dependent#on#many#physical#and#biological#parameters#
(radia(on#type,#dose,#dose#rate,#cell#cycle,#oxygen#supply,#…)#

•  Q#
–  used#only#for#stochas(c#effects#at#low#doses#and#dose#rates#
–  defined#by#ICRP#and#ICRU#



Linear energy transfer versus 
relative biological effectiveness 

Quality factors 



From absorbed dose to dose equivalent 

•  Absorbed&dose:#The#energy#absorbed#in#a#material#(usually#(ssue)#
divided#by#the#mass#of#the#material:#

#

–  Unit#is#the#gray,&Gy&[J/kg]#(SI),#or#the#rad#(US),#1#Gy#=#100#rad##
–  Defined#for#all#types#of#ionizing#radia(on#in#any#medium&

•  Dose&equivalent,#dose#weighted#by#an#LET,dependent#�quality&
factor�#Q#

# # #H"="D"Q"
–  Defined#at#a#point#in#a#reference#phantom#

–  Unit#of#measure#is#the#sievert,&Sv&[J/kg]#(SI),#or#the#rem#(US),#1#Sv#=#100#rad#&

D
dmmaterial

=
dε

D
Ddm

mT
m

T

T=
∫

Ionization produced along the path of a 
neutron recoil proton in a TEPC 

0 0
0 0 ...cPr) 0 0 0 0

Smallenergydeposlt Largeenergydeposlt

Path of recoil proton with constant linear energy transfer

Lineal Energy, y Linear Energy Transfer, L

y = E// L = dE / dx

Microscopic quanti_/which Macroscopic quantity-
can be experimentally
measured by TEPC average of manymeasurements or
Stochastic quantity calculated value

FIGURE 1. Ionization Produced Along the Path of a Recoil Proton Produced by a Neutron Interaction
in Tissue
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l &=&4V/S&



Comparison of methods to obtain neutron 
dose equivalent 

lJl

Superheated emulsions 

•  Fluorocarbon droplets kept in a steady superheated state by 
emulsification in compliant aqueous, polymers. 

•  Bubble nucleation triggered by neutrons above selectable 
threshold energies (e.g. above interrogation energy). 

•  Can be totally insensitive to photons. 



Some current technologies 

Neutron response studies 

Temperature
control unit

Detector vial

Thermal
insulator

Piezo-electric
transducer

Platinum
temperature
sensor

Heater foil



Fluence response of R-12, R-142b, C-318, 
R-114 vs temperature and neutron energy 
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Response of dosimetric (chlorine-bearing) 
emulsions to fast and slow neutrons 



Skripov�s theory of radiation-induced 
nucleation in bubble chambers 

Critical bubble radius based on the thermodynamics  
of isothermal spontaneous nucleation (Gibbs):  

   
 
Vaporisation energy required in the  
heterogeneous nucleation by an ionising particle 
(Skripov): 

Rc = 2σ /(p” - p’) ≈  2σ / [(ps - p’)(1 - v’/v”)] *

neutron

r!e!v! !=! !
1!6! !π! !σ!3!

3! !(!p!s! !-! !p!'!)!2! !(!1! !-! !v!'!/!v!"!)!2!
[! ]!1! !+! ! 2! !∆!H!

 !(!p!s! !-! !p!'!)! !(!v!"! !-! !v!'!)!
-! T! ! ! ! !d!σ!
σ% ! ! ! !d!T!W!

Reduced superheat:    
s = (T - Tb)/(Tc - Tb) 

Tb is the boiling point ,  
above which a fluid is  
either a vapor or a  
superheated liquid 
(lower limit of superheat) 
 

Tc is the critical temperature , 

 above which the liquid phase  
can no longer exist, and a fluid  
becomes a gas (theoretical upper 
limit for the superheated state) 

Critical 
temperature Tc 

Temperature 
limit Tl 

Operating 
temperature T 

Boiling 
temperature Tb 



Thermal neutron sensitization vs temperature 
and vs reduced superheat 

Dose equivalent response of R-12  
to monoenergetic neutrons 
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Dose equivalent response of R-12  
to reactor and radionuclide spectra 
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The cosmic radiation field in the atmosphere 
and its simulation at CERN 



NASA cosmic radiation measurements 

Comparison between neutron spectra  
at high-altitude and at the CERN-CERF facility 



Response of various dosimeters  
to the high-LET field component at CERF 

Dosimeter type Rel. response* 
6LiF/7LiF albedo 0.10 
CR-39 0.35 
NTA film 3.70 
Studsvik (cylindrical) 0.53 
Berthold (spherical) 0.54 
Spherical LINUS (w/Pb) 0.86 
Cylindrical LINUS (w/Pb) 0.93 
Superheated emulsion 0.65 
Superheated emulsion w/Pb 0.95 

*reference values from TEPC 

Photoneutron production in accelerator head 



Schematic of a Varian accelerator head 

X-ray irradiations at medical LINACs 

No response/bubbles at 2.5 MV  
(available at TrueBeam unit) with (pulsed) 
dose rates of ~10 Gy/min 



X-ray tests at medical LINACs 

between dose values averaged over the thickness of the
detectors and dose values at the center of the detectors.

Measured entrance doses at the isocenter
Our measured entrance doses at the isocenter of

Siemens KD2 and Varian Clinac accelerators are shown
in Fig. 8 along with data from a literature survey (Gur et
al. 1978; Nath et al. 1980 and 1993; Bading et al. 1982;
Palta et al. 1984; d’Errico et al. 1992 and 1998b;
Bourgois et al. 1997). In order to permit a direct
comparison with published data, our dose equivalent
values are assessed here according to ICRP Report 21
(1971). Data are plotted as a function of nominal accel-
erator energy—the more meaningful peak or effective
electron energies were not known for all accelerator
models.

Data in Fig. 8 are neutron dose equivalent values
measured within 10 ! 10 cm2 x-ray fields and expressed
in mSv per photon Gy at maximum build-up. The only
exceptions are the results from Palta et al. (1984), which

refer to 15 ! 15 cm2 fields, and the point from Gur et al.
(1978). The latter was converted from absorbed dose to
dose equivalent using a quality factor of 10, appropriate
for direct photoneutrons as reported by McCall and
Swanson (1979), Folkerts et al. (1988), and d’Errico et al.
(1998b).

Data points agree within the " 20% uncertainties
reported on average by the authors, and the agreement is
emphasized by the linear scale adopted in the figure. On
the other hand, a semi-logarithmic plot would show that
neutron contamination arises sharply between 6 and 10
MV, presents a smooth increase between 10 and 20 MV
and reaches a plateau around 25 MV.

DISCUSSION AND CONCLUSION

The dose equivalent measurements at the isocenter
of the medical accelerators indicate a consistent, smooth
increase of photoneutron contamination as a function of
x-ray energy. Results from etched-track detectors and
superheated drop detectors were found to agree well
within their respective experimental uncertainties. A
proper comparison between results from two systems
was possible at the isocenter of the accelerators where the
neutron field is collimated to a large extent. In fact, the
CR-39 dosimeters present a lower response to laterally
impinging neutrons, as required in personnel dosimetry.
This hinders measurements away from the beam axis
where an isotropic response is desirable. The CR-39
results suggest that photoneutrons may be encountered
also around linacs operating below 10 MV, although the
contamination is extremely low. A possible mechanism
is the photoneutron emission from some carbon and
hydrogen isotopes. Carbon is encountered in various
accelerator structures and contains 1% of 13C with a
photodisintegration threshold of 4.9 MeV, whereas the
hydrogen of the water phantom contains 0.015% of 2H
with a photoneutron threshold of only 2.2 MeV.

Fig. 6. Monte Carlo estimates of depth dose equivalent from
neutron recoils (according to ICRP 60) for unit fluence of
monoenergetic neutrons impinging on a slab-phantom.

Fig. 7. Polynomial fit of depths of 50% maximum dose equivalent
from neutron recoils (according to ICRP 60), dH50, derived from
Monte Carlo calculations of neutron transport in a slab-phantom.

Fig. 8. Total neutron dose equivalent (according to ICRP 21) at the
isocenter of medical accelerators operating at different peak x-ray
energies (normalized to 1 Gy of photons at maximum build-up).

8 Health Physics January 2001, Volume 80, Number 1

Slight neutron 
contamination  
also at 6 MV 
(likely due to 
Be window) 
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Special nuclear material interdiction 
Finding well-hidden threats is hard 

THE HOWARD H. 

CENTER 
.... PU BLIC PO LICY 

ur 
THE UNIVERSITYotTENNESSEE National Laboratory 



Radiation portal monitors 
  

Radiation portal monitors 
provide a passive, safe, and 
effective means to scan traffic 
and cargo for nuclear and 
radioactive materials, while 
maintaining flow of commerce. 

Widely implemented 
detectors: 

•  Polyvinyl Toluene (PVT) 
scintillators for photons 

•  Moderated 3He counters for 
neutrons 

Distribution of incidents involving nuclear 
material, 1993-2004 (IAEA) 
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Active SNM interrogation techniques 

•  External beams of neutrons or high-energy X-rays are used to trigger 
fission reactions. 

•  Detection of induced fission signatures (prompt and delayed) can be 
used to confirm the presence of SNM.  

•  Considered the only viable option to detect the presence of HEU; also 
effective in the detection of Pu-239 

High-energy photon interrogation 

• The photofission cross section peaks at about 14 MeV, while below 
10 MeV it is < 5% of typical peak values.  

• Using 14 MeV γ's would increase the yield of fission neutrons but 

also the neutron background from (γ,n) reactions in other materials. 



Optical readout based on scattered light 
Photo 
diodes 

LEDs 

•  Instant read out 
•  Rate insentive 
•  Position sensitive 

Light#on#

Optical readout based on scattered light 
Photo 
diodes 

LEDs 

•  Instant read out 
•  Rate insentive 
•  Position sensitive 

Light#off#



Active interrogation at Passport Systems 

Passport#Systems’#CW#electron#accelerator#
based#alarm#resolu(on#system#

Detection of SNM by optically 
readout superheated emulsions  

79 

0.9995%

1.0000%

1.0005%

1.0010%

1.0015%

1.0020%

1.0025%

1.0030%

0% 10% 20% 30% 40% 50% 60%

N
or
m
al
iz
ed

+si
gn
al
+

Time+(s)+

No%DU%

DU%present%



Outlook: going big and small 

Electronic##
personal#
dosimeter#

Cargo#
interroga(on#
system#


