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Basic principles for external radiation protection



Basic Principle for Radiation Protection 
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F Basic Principles

F Maximizing distance

F Minimizing exposure time

F Shielding the radiation source
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Effective Dose, Weighting Factor (or Quality Factor)
Chapter 6: Chemical and Biological Effects of Radiation

Quality Factor



Effective Dose
Chapter 6: Chemical and Biological Effects of Radiation



Deterministic and Stochastic Effects
The  biological effects of radiation differs widely depending on the 
dose, kind of radiation. They can be divided into two general 
categories, stochastic and deterministic. 

F Stochastic effect are those that occur in a statistical manner, such 
as cancer. 

F Deterministic effect are those that show (a) a clear relationship 
between dose and effect in a given individual, and (b) a clear 
threshold for inducing the effect. Skin reddening and radiation-
induced cataracts are examples of deterministic effects of 
radiation. 



Basic Limits - Occupational Exposure
FThe ICRP 26 basic annual limits recommended for exposure to workers 

FTo limit nonstochastic effects
F0.5 Sv to all tissues except the lens of the eye
F0.15 Sv to the lens of the eye

FTo limit stochastic effects
F0.05 Sv per year
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Gamma Ray Shielding Designs

8

F(Revisited) Approaches for evaluating gamma ray dose.
FBuild-up factor
FShielding factor

FWhat is the shielding factor?
FHow to use the shielding factor to determine the shielding needed? 
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Radiation Dose Induced by Gamma Radiation



Radiation Dose from a Gamma-Ray Point Source

Considering an I-131 point-source of 1 MBq, how do we evaluate the exposure it 
delivers at a distance of 1 m?  

F The decay of 131I produces gamma rays of various energies as shown below,  
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F Repeating the calculation, we get the following results:

Radiation Dose from a Gamma-Ray Point Source



Specific Gamma-Ray Constant

F In a more generic case, considering a gamma-ray point-source of activity A (MBq), the 
exposure rate it will deliver to a distance d (m) away in air is given by 

F The specific gamma-ray constant, 𝛤,	for this gamma-ray source, is given by  
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F The specific gamma-ray constant numerically equal to the exposure rate that a source of 
a unit activity delivers to a unit distance away in air. 

where  
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F Substitute all known constants into the generic equation, the specific Gamma-
Ray Constant can be given by 

F For many practical situations, when photon energy is ranging from 60keV to 
2MeV, the linear absorption coefficient varies little with energy, over this 
energy range, µ is about 3.5´10-3 per meter. Therefore, we can simplify the 
above equation as 

Specific Gamma-Ray Constant



Specific Gamma-Ray Constant

F Specific Gamma Ray Constant ( G): The exposure rate from a gamma ray point 
source of unit activity and positioned at a unit distance. It is given in the unit of 
coulombs per kilogram per hour at a distance of 1 m from a 1 MBq point 
source, or (coulombs/kg/h/MBq at 1m).

Cember, pp. 226.



Specific Gamma-Ray Constant

Turner, pp. 382.

Given the specific gamma ray constant, 𝛤,	 for an isotope, the exposure rate at a 
location at a distance, r, is simply

𝑋̇ = 𝛤̇
𝐴
𝑟!

activity

distance



Internally Deposited Radioisotope (IV)
Gamma Ray Emitters
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F For a uniformly distributed gamma-ray-emitting isotope, the dose rate from the 
isotope in an infinitesimal volume dV to a point p at a distance r away is
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of the dose-receiving media
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Internally Deposited Radioisotope (IV)
Gamma Ray Emitters
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F For a uniform spherical source, the dose rate at the center is given by 
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F And the dose rate at the surface of the spherical source 
volume is given by 

𝐷̇56-7489 = 0.5	𝐷̇89:;9-

𝑑𝑉 = 𝑟𝑑𝜃 ⋅ 𝑟𝑐𝑜𝑠𝜃𝑑𝜑 ⋅ 𝑑𝑟 = 𝑟!𝑐𝑜𝑠𝜃𝑑𝜑𝑑𝜃𝑑𝑟
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The Buildup Factor



The Buildup Factor

19

F The buildup factor depends on 

F the source energy, 

F the distance traveled, and 

F the nature of the medium

Distance traveled in shielding

Chapter 7: External Radiation Protection

Flux of photons of energy E 
reaching the object (scattered 

photons, x-rays etc.)

Energy dependent 
response function

The photon flux 
reaching the object 

without interaction in 
the shielding

Energy-dependent 
response function

Extra response due to the 
scattered photons and 

characteristic X-rays

The response due to the 
primary photons penetrating 

the shielding
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The Buildup Factor
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Shielding Factor (or Attenuation Factor)



Broad Beam Consideration for Shielding Design

22

F For situations in which the radiation source is far away from the shielding slab, 
the photons of incident are traveling in almost parallel directions.  Addressed 
by NCRP 49 (1976).

Dose or exposure 
rate at point P.

Dose or exposure rate 
without the shielding

Shielding factor 
(or attenuation factor)

F For gamma rays from a point source



Broad Beam Consideration for Shielding Design
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Broad Beam Consideration for Shielding Design
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X-Ray Shielding

26

FBasic terminologies related to the medical X-ray imaging setup

FTube voltage, workload, occupancy factor, and use factor.

FAnalytical approaches for determining the shielding requirements for 

Fthe primary barrier 

FSecondary barrier



A Typical X-Ray Sources
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•Andrew Webb, Introduction to Biomedical Imaging, 2003, Wiley-
Interscience.

Motor, Why?
Rotating 

target

•Filament

leakage radiation

Primary radiation 

Protective casing
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Key Characteristics of X-ray Source Operation
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F Requirements for structural shielding is determined by considering

Chapter 7: External Radiation Protection
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Considerations for X-ray Shielding Design
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Chapter 5: Radiation Dosimetry

F ICRP 60 Limits for X-ray exposure:

F 100mSv (100,000rems) over 5 years.

F Maximum dose in any single year <50mSv (50,000mrems).
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Area-of-interest (AOI)

Design of the Primary Protection Barrier

Primary barrierObject 

X-ray Source

Point Q1 (m)

d (m)

Consider that 

ü The maximum allowed exposure rate at the AOI is P (R/wk),

ü The source is operated at a given workload, W (mA×min/wk),

ü The AOI is occupied only for a fraction (T) of time, 

ü The use factor of the source is U (the fraction of time when the source is pointing towards the AOI). 

Question: What is the thickness of the primary barrier needed to ensure the exposure 
rate at the AOI stays below the limit P?  



Consider that the setup above delivers an exposure rate equal to P (𝑅/𝑤𝑘) at the AOI … 

Question: If the source (with the shielding in place) is only running at a unit workload of 1 
𝑚𝐴 ⋅ 𝑚𝑖𝑛/𝑤𝑘, what is the exposure rate at Point Q of 1 m away from the source?

Consider the primary barrier 
moved to here 

K (𝑅 ⋅ 𝑚𝐴<= ⋅ 𝑚𝑖𝑛<=	𝑎𝑡	1𝑚) 	= >!⋅?(@/B%)
C((D⋅(E:/B%)⋅F⋅G

   è  normalized shielded source output factor

Design of the Primary Barrier (A Slightly Different Geometry )

AOI, with a maximum 
exposure rate limit, P 
(𝑅/𝑤𝑘)

_

Object

Point Q

1 (m)

d (m)

Consider that 

ü The maximum allowed exposure 
rate at the AOI is P (R/wk),

ü The source is operated at a given 
workload, W (mA×min/wk),

ü The AOI is occupied only for a 
fraction (T) of time, 

ü The use factor of the source is U 
(the fraction of time when the 
source is pointing towards the AOI). 
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1 Roentgen (R) = 2.58×10−4 (C/kg) 



Determining the Requirement for Primary Shielding

34
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AOI

Workload: W=220mA×1.5min/wk

Use factor: U=1/3

Occupancy factor: T=1/4

×
The exposure limit for the AOI is 
P=0.01 R/wk



Determine the Requirement for Primary Shielding
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𝐾 =
𝑑-𝑃
𝑊𝑈𝑇



Design of the Secondary Protection Barrier

F Used against the scattered photons.

F Depends on

F Scattering angle – assumed to be 
anisotropic.

F The energy of the primary photons – a 
simple energy dependency is assumed to 
simplify the derivation.

F Scattering area – assuming a perfect 
scattering plane.

F The required shielding needs to be determined 
separately for each of these components.

Chapter 7: External Radiation Protection

Scattered radiation
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Secondary Protection Barrier against Scattered Radiation

𝑋̇? =
𝑎×𝑋̇@
𝑑ABC D ⋅

𝐹
400

Exposure rate 
at the AOI: 𝑋̇, 

Exposure rate reaching 
the object: 𝑋̇-

Second barrier

AOI

Object𝑑,.*

𝑑 ,
/.

Point Q

1 m

_

Second barrier

AOI

Object𝑑./0
𝑑 ,
/.

Point Q

1 m
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Secondary Protection Barrier against Scattered Radiation
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F The amount of scattered radiation may be determined based on 

F primary beam energy, 

F scattering angle and 

F scattering area.

F If the exposure rate incident on the object is Ẋ6, then the exposure rate from 
scattered radiation without shielding may be given by

Chapter 7: External Radiation Protection

𝑋̇? =
𝑎×𝑋̇@
𝑑ABC D ⋅

𝐹
400



Secondary Protection Barrier
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Secondary Protection Barrier against Scattered Radiation
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Assuming the	exposure	rate	at	the	AOI	is
𝑋̇5 	 = 𝑃 ⁄𝑅 𝑤𝑘

Exposure	rate	at	point	Q ∶
𝑋̇1 	= 𝑋̇2 ⋅ 𝑑3/0-

=
𝑃 ⁄𝑅 𝑤𝑘 ⋅ 𝑑345- ⋅ 𝑑3/0-

𝑎 ×
400 𝑐𝑚-

𝐹 𝑐𝑚-

Exposure	rate	at	point	𝑈:

𝑋̇@ =
E ⁄F G# ⋅7678(

>
×
4,, C:(

H C:( ,
where	F	(cm)	is	the	actual	target	
area	of	the	object

If	the	shielded	source	(shown	below)	running	with	the	
given	(W,	U,	T)	delivers	an	exposure	rate	P		at	the	AOI,	
then	the	same	shielded	source,	while	running	with	1	
(𝑚𝐴 ⋅ 𝑚𝑖𝑛),	should	deliver	an	exposure	rate	K	to	1	m	
away,

𝐾 = İ*
C⋅G⋅F

= ? @/B% ⋅>+,-! ⋅>+-)!

4⋅C((D⋅(E:/B%)⋅F
×
JKK 8(!

L 8(! ,

to Point Q …

Secondary Protection Barrier against Scattered Radiation

Exposure (or dose)  
rate at the AOI

exposure (or dose) rate 
reaching the object

Second barrier

AOI

𝑋̇,	, 𝐷̇,

𝑋̇-	 ,	 𝐷̇-

Object𝑑,.*

𝑑 ,
/.

Point Q

1 m

Point U



Secondary Protection Barrier against Scattered Radiation

Normalized shielded source output factor: the dose or exposure that the shielded source 
running at 1mA for 1 minute should deliver to a reference point at 1 m away

Workload – the amount of usage of the 
x-ray tube (mA×min/wk)

The occupancy of the AOI

Chapter 7: External Radiation Protection

Actual size of the 
scatterer/object

a:  ratio between incident exposure 
and scattered exposure measured 
at 1 m from the object/scatterer, 
whose scattering area is assumed 
to be 400 cm2

Dist. from the 
scatterer to the AOI

Dist. from the source to 
the scatterer



Secondary Protection Barrier for Scattered Radiation
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F The exposure rate that the same source would deliver at 1 m away (within the 
primary beam) by running at 1 mA for 1 min is given by  

Correction factor, whose value increases 
with the increasing HV of the tube. 

Chapter 7: External Radiation Protection

P

(𝑅 ⋅ 𝑚𝐴Z[ ⋅ 𝑚𝑖𝑛Z[	𝑎𝑡	1𝑚)	
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Design of An X-ray Shielding Structure

45
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workload
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Design of An X-ray Shielding Structure
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Step 1: Design of the primary barrier
Considering 

• Directly irradiating Wall A at a distance d=7 feet,

• Workload: W=2 (mins/week) ×200 (mA),

• Use factor: U=1,

• Occupancy factor: T=1/4,

• Maximum allowed weekly dose to an uncontrolled area: P=0.02 mSv/wk.

Consider a shielded X-ray source that is running with given (W, U, T) and delivers a dose rate (or exposure) rate P at the AOI. If 
we move the shielding in front of the same source, then the dose (or exposure) that this shielded source would deliver to 
point Q at a distance of 1 m away by running the source with 1 mA tube current for 1 min is given by 
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Step 1: Design of the primary barrier (continued)

The maximum exposure that is allowed at a unit distance and delivered by the 
source running at the “standard” operating condition (W=1, U=1, T=1)
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Step 2: Design of the second barrier (ceiling) against scattered radiation

Considering 

• Workload: W=2 (mins/week) ×200 (mA)=1200 (mA ×min/week),

• Use factor: U=1,

• Occupancy factor: T=1,

• dsca=0.5 m (distance between the source and the patient),

• dsec=2.5 m (distance between the patent and the area of interest, AOI), 

• a=0.0015 from Table 10.17, Ratio of scattered to incident radiation 

• Target area of the patient to the incident X-rays, F=400 cm2,

• Maximum allowed weekly dose to an uncontrolled area: P=0.02 mSv/wk,

The maximum dose that is allowed at a unit distance delivered by the source 
running at 1 mA for 1 min is given by 



Chapter 7: External Radiation Protection

Step 2: Design of the second barrier (ceiling) against scattered radiation (continued)

The maximum dose that is allowed at a unit distance delivered by the source running at 1 mA for 1 
min is given by 



Shielding for Beta Sources
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Beta Ray Shielding – An Example
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Part 1: Shielding for the Beta Particles
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The range of the beta particles with the maximum energy of 2.27 MeV is 1.19g/cm2 
in polyethylene (density: 0.959	g/cm"). If polyethylene is used as the shielding 
material, the wall thickness of the shielding is chosen to be equal to the range, 

tMNOO =
1.19	g/cm!

0.959	g/cm" = 1.26cm



Chapter 7: External Radiation Protection

Part 2: Extra Shielding for the Bremsstrahlung X-rays 

54

The rate of beta energy emitted by the source of activity A is

ĖP = A ⋅ _EP = 3.7×10==𝐵𝑞	×1.12 ⁄MeV t

The fraction of beta energy being converted to bremsstrahlung is

f = 3.5×10<J ⋅ z.QQ ⋅ ERNS(MeV).

Zeff is the effective Z of the absorbing material

z.QQ= 
9

!
:!;!

"

9
!
:!;!

= 6.6	 for	polyethylene

where 
Ni: number fraction of the i’th element
Zi: atomic mass number of the i'th element.

f = 3.5×10<J ⋅ 6.6 ⋅ 2.27 = 5.24×10<"
So

Maximum energy of the beta particles
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Part 2: Extra Shielding for Bremsstrahlung X-rays 

55

Assuming all X-rays are emitted from a point, the dose rate at a distance d is 

Suppose all bremsstrahlung photons have the maximum beta particle 
energy, 2.27 MeV. 

The linear attenuation coefficient for 2.27 MeV photons in lead is 0.51 cm-1. 
The thickness of lead needed to bring the dose at 0.5 m away to 0.1 mSv is 
given by 

𝐷̇ =
𝑓 ⋅ 𝐸̇T

𝑀𝑒𝑉
𝑠 ⋅ 1.6×10<=" 𝐽

𝑀𝑒𝑉 ⋅ 𝜇9:	(
1
𝑚) ⋅ 3.6×10

" 𝑠
ℎ

𝜌4E- ⁄𝑘𝑔 𝑚" ⋅ 4𝜋 ⋅ 𝑑! 𝑚! ⋅ 10<" 𝐺U/𝑚𝑆V
= 1.14	𝑚𝑆𝑣/ℎ

𝑡 = −
1

0.51
ln
0.1
1.14

= 4.8	𝑐𝑚

0.1 = 1.14 ⋅ e=,.j( C:<= ⋅k C:

Linear energy absorption coefficient for 2.27 MeV photons in air
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Neutron Shielding Design

FReview of dose calculation for fast neutrons and thermal neutrons. 

FAn example of shielding design for an alpha-neutron source. 
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Radiation Dose from Fast Neutrons (Revisited)
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F Two reactions are normally considered, namely 14N(n,p)14C and 1H(n,r)2H 
reactions.

Radiation Dose from Thermal Neutrons (Revisited)

58

F For the 14N(n,p)14C reaction, the dose is given by 
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Radiation Dose from Thermal Neutrons (Revisited)

59

F For the 1H(n, g)2H reaction, the dose is deposited by the gamma rays emitted 
throughout the entire volume. The number of reaction per second per gram is 
governed by the neutron flux and is given by   

F The resulting gamma ray dose is illustrated with the following example.



𝐷̇. = 𝐴 ⋅ 𝐸/ ⋅ 𝜑 = 1.973×100 ⁄𝐵𝑞 𝑘𝑔 ⋅ 2.23MeV ⋅ 1.6×10123 ⁄𝐽 𝑀𝑒𝑉 ⋅ 0.278
             =1.19×10122 ⁄𝐺𝑦 sec	= 6.89×1014 ⁄𝜇𝐺𝑦 h	



Neutron Shielding – An Example
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F Cember, P452.
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Radiation Dose from Fast Neutrons
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Radiation Dose from Fast Neutrons (Revisited)
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F Neutron dose is deposited through scattering and neutron induced nuclear 
reactions. 

F In cases of elastic scattering, the scattered nuclei dissipate their energy in the 
immediate vicinity of the primary neutron interaction. The radiation dose 
absorbed locally in this way is called the first collision dose. The scattered 
neutron is not considered after this primary interaction. 

F For fast neutrons, the first collision dose rate is given by  
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Neutron Shielding – An Example
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The 4MeV fast neutron flux that could introduce a 
dose equivalent rate of 1mSv/40h (25 µSv/h ). 

We would need ~ 3.7n/(s×cm2) to deliver a dose 
equivalent of 10 µSv/h from fast neutrons.
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Step 1: Shielding for fast neutrons (continued)

Considering a point source of fast neutrons, the neutron flux after passing 
through a thickness of nT (cm) could be approximately calculated as   

𝜙̇ =
𝐵 ⋅ 𝑆

4𝜋 𝑛𝑇 !
1
2:

𝑛e𝑢𝑡𝑟𝑜𝑛𝑠
𝑐𝑚! ⋅ 𝑠

.

B:	The	build-up	factor,	5	for	this	case.
T:	Half-Valued-Layer	(HVL),	3.71	cm	for	4	MeV	neutrons	in	water.
S:	Source	strength	in	neutrons/s,	5×106	neutrons/s	in	this	example.

Let’s arbitrarily allow for a maximum dose from fast neutrons leaking from the 
shielding to be 10 µSv/h. We could use either Table 9.5 (given on the next page) 
or the equation for fast neutron dose to derive the fast neutron flux that leads to 
this dose rate, which turns out to be 3.7 n/s×cm2.   

Then what is the thickness of the shielding needed to bring the fast neutron flux 
to this level? 
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Step 1: Shielding for fast neutrons
Assuming that the shielding is made of water. 

For the 4 MeV fast neutrons produced by the Pu-Be source, the cross sections of 
H and O atoms for elastic scattering are 1.9 barns and 1.7 barns, respectively. 

So the linear scattering coefficient of water is given by 

𝛴 = 1.9×10<!J WR!

4;X(
×6.7×1022	(4;X(5

8(" )+

1.7×10<!J
cm2

𝑎𝑡𝑜𝑚
×3.35×1022	(

𝑎𝑡𝑜𝑚𝑠
𝑐𝑚3 )

=0.186	cm-1,

which is corresponding to a Half-Valued Layer (HVL) of T=3.71 cm. 
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Step 1: Shielding for fast neutrons (continued)

Consider a point source of neutrons, the fast neutron flux after passing through a 
thickness of nT (cm) could be calculate approximately as   

𝜙̇ =
𝐵 ⋅ 𝑆

4𝜋 𝑛𝑇 !
1
2:

𝑛e𝑢𝑡𝑟𝑜𝑛𝑠
𝑐𝑚! ⋅ 𝑠

.

B:	the	build-up	factor,	5	for	this	case.
T:	Half-Valued-Layer,	3.71	cm.
S:	Source	strength	in	neutrons/s,	5×10-6	neutrons/s.

Solving the above equation for n yields n=9. 

Therefore, we would need 9 × 3.71 cm of water to achieve a neutron flux of 3.7 
n/s/cm2, ensuring that the fast neutron dose stays below 10 µ Sv/h at the surface 
of the shielding. 
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Step 2: Shielding for thermal neutron radiation
Considering that the radius of the water-filled spherical shielding is 34 cm, which 
corresponds to 9 times the HVL. We could assume that most fast neutrons will be 
attenuated and thermalized close to the center. 

We could therefore assume the source-shielding volume as a point source of thermal 
neutrons located at the center of a spherical shielding volume with an approximate 
radius of 33 cm. 

𝜙̇ =
𝑆

4𝜋𝑅𝐷
𝑒< ⁄@ Y 𝑛e𝑢𝑡𝑟𝑜𝑛𝑠

𝑐𝑚! ⋅ 𝑠
= 0.55

𝑛
𝑠 ⋅ 𝑐𝑚!

where
S:	Strength	of	the	thermal	neutron	source.	~	5×106	neutrons/s.
R:	Radius	of	the	spherical	shielding	volume,	33	cm.
L:	Thermal	diffusion	length,	2.88	cm.
D:	Diffusion	coefficient,	0.16cm.	

The flux of the thermal neutrons emerging from the surface of the spherical shielding 
volume could be calculated as

Dose negligible



Fast- and Thermal-Diffusion Lengths

!"#$$ !
"

−=

Chapter 4: Interaction of Radiation with Matter – Interaction of Neutrons with Matter

The fast-diffusion length: the average straight-line distance covered by fast neutrons 
traveling in a given medium. 

The thermal-diffusion length: the average distance covered by thermalized neutrons 
before it is absorbed. It is measured by the thickness of a slowing-down medium 
that attenuates the beam of thermal neutrons by a factor of e. Thus, the attenuation 
of a beam of thermal neutrons by a substance of thickness t (cm), whose thermal 
diffusion length is L (cm) is given by 

Thermal Diffusion 
Coefficient, cm

0.16
0.87
0.50
0.84
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F Two reactions are normally considered, namely 14N(n,p)14C and 1H(n, 𝛾)2H 
reactions.

Radiation Dose from Thermal Neutrons (Revisited)

71

F For the 14N(n,p)14C reaction, the dose is given by 



Neutron Induced Reactions (Revisited)

F Neutron absorption is followed by the immediate emission of a gamma ray 
photon.

F The gamma photon has the energy Q = 2.26 MeV released by the reaction, 
which represents the binding energy of the deuteron.

F The capture cross-section per atom is 0.33 barn.

F When tissue is exposed to thermal neutrons, this reaction provides a source of 
gamma rays that delivers a finite dose to the tissue. 

D
E𝑛 + E

E𝐻 → E
F𝐻 + D

D𝛾

Chapter 5: Interaction of Radiation with Matter – Interaction of Neutrons with Matter

NPRE 441, Principles of Radiation Protection, Spring 2026
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Chapter 5: Radiation Dosimetry

Radiation Dose from Thermal Neutrons (Revisited)
F For the 1H(n, g)2H reaction, the dose is deposited by the gamma rays emitted 

throughout the entire volume. The number of reaction per second per gram is 
governed by the neutron flux and is given by   

F The resulting gamma ray dose is illustrated with the following example.
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Consider that 

1. the energy of each gamma-ray is 2.26 MeV, and

2. with the spherical water volume of 34 cm radius, there will be 3.7 
n/s/cm2, or 5×104 ⁄� A  escaping from the surface, and 

3. all fast neutrons that did not escape will eventually be absorbed by 
hydrogen atoms, giving rise to the 2.26 MeV photons,

then the apparent gamma-ray activity could be assumed to be uniformly 
distributed across the spherical volume, then the gamma-ray activity is 

𝐴 = j×(,! ⁄C # =j.4×(,D ⁄C #
D
E5⋅ .4C:

E =30	( ⁄𝐵𝑞 𝑐𝑚.)

Step 3: Shielding for neutron-capture gamma rays



Internally Deposited Radioisotope (IV)
Gamma Ray Emitters

Chapter 5: Radiation Dosimetry

F For a uniform spherical source, the dose rate at the center is given by 

⋅ (34
⁄𝐽 𝑘𝑔

⁄𝐶𝑜𝑢𝑙𝑜𝑚𝑏 𝑘𝑔
) ⋅ (

⁄𝜇( 𝜌(
⁄𝜇4 𝜌4

)	

⋅ (34
⁄𝐽 𝑘𝑔

⁄𝐶𝑜𝑢𝑙𝑜𝑚𝑏 𝑘𝑔
) ⋅ (

⁄𝜇( 𝜌(
⁄𝜇4 𝜌4

)	

F And the dose rate at the surface of the spherical source 
volume is given by 

𝐷̇56-7489 = 0.5	𝐷̇89:;9-

𝑑𝑉 = 𝑟𝑑𝜃 ⋅ 𝑟𝑐𝑜𝑠𝜃𝑑𝜑 ⋅ 𝑑𝑟 = 𝑟!𝑐𝑜𝑠𝜃𝑑𝜑𝑑𝜃𝑑𝑟
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Step 3: Shielding for neutron-capture gamma rays (continued)

Remember that for a spherical volume filled with uniform radioactivity of 
A (Bq/cm3), the dose rate at the surface of the sphere is given by 

Specific	gamma-ray	constant	for	2.2	
MeV	gamma-rays:

7.2×10FG
𝐶
𝑘𝑔

⋅ 𝑐𝑚- ⋅ 𝑀𝐵𝑞FH ⋅ ℎFH

𝐷̇ =
1
2
⋅ 𝐶 ⋅ 𝛤 ⋅

4𝜋
𝜇
⋅ 1 − e<2- ⋅ (34

⁄𝐽 𝑘𝑔
⁄𝐶𝑜𝑢𝑙𝑜𝑚𝑏 𝑘𝑔

) ⋅ (
⁄𝜇B4;9- 𝜌B4;9-
⁄𝜇4E- 𝜌4E-

)	

30(𝐵𝑞 ⋅ 𝑐𝑚FI)

Linear	att.	coef.	for	
2.2MeV	gamma-rays	in	
water,	0.046 𝑐𝑚FH

Radius	of	the	shielding,	34	cm

1.1

𝐷̇ = 9×10<"( 𝑚 ⁄𝐺𝑦 ℎ)
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Step 3: Shielding for neutron-capture gamma rays (continued)

F A spherical shielding of 34 cm radius filled with water would lead to a fast 
neutron dose of 10 µGy/h, a negligible thermal neutron dose, and gamma-ray 
dose of 9 µGy/h. 

F The total is 19 µGy/h, which is still greater than the 15 µGy/h target. What 
should we do now?  



Neutron Induced Reactions

F Neutron absorption is followed by the immediate emission of a gamma ray 
photon.

F Since the thermal neutron has negligible energy by comparison, the gamma 
photon has the energy Q=2.22MeV released by the reaction, which represents 
the binding energy of the deuteron.

F The capture cross-section per atom is 0.33 barn.

F When tissue is exposed to thermal neutrons, this reaction provides a source of 
gamma rays that delivers a finite dose to the tissue. 

γ!!
"
#

#
#

#
! +→+ !!"

Chapter 5: Interaction of Radiation with Matter – Interaction of Neutrons with Matter

NPRE 441, Principles of Radiation Protection, Spring 2026
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Thermal Neutron Capture by Boron

79

F Capture cross section: 755 barns.

F The 0.48 MeV gamma ray is emitted in 93% of the capture.

10B + 1n à 7Li + 4He + γ (0.48 MeV)

Chapter 7: External Radiation Protection
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Step 4: Improve the shielding efficiency by adding boric acid (𝐇𝟑𝐁𝐎𝟑) in water

F Consider that we can add boric acid to water, whose molecular weight is 61.84, solubility 
is 63 g/L, and thermal absorption coefficient is 775 barns. 

F If we add the maximum soluble concentration of boric acid in water, then the 
concentration of boron atoms in water is 

F Therefore, for every 1 thermal neutron captured by a hydrogen atom, there will be 
about 3.23 thermal neutrons each captured by boron atoms.

63.2 𝑔/𝐿 ×10FI 𝐿/𝑚𝐿 ⋅ 6.02×10-I(𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠/𝑚𝑜𝑙𝑒)
61.84(𝑔/𝑚𝑜𝑙𝑒)

=6.17×10-J (atoms/mL)

𝛴K
𝛴L

=
1.9×10F-M(𝑐𝑚 z2 𝑎𝑡𝑜𝑚) ⋅ 6.7×10

--( z𝑎𝑡𝑜𝑚𝑠
𝑐𝑚I)

775×10F-M(𝑐𝑚 z2 𝑎𝑡𝑜𝑚) ⋅ 6.17×10-J( z𝑎𝑡𝑜𝑚𝑠
𝑐𝑚I)

= 0.31

F Compute the ratio of linear thermal absorption coefficients due to boron and hydrogen 
atoms, 
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Step 4: Improve the shielding efficiency by adding boric acid (𝐇𝟑𝐁𝐎𝟑) in water

F First, for every single thermal neutron captured by a hydrogen atom, there will be 
about 3.23 thermal neutrons captured by a boron atom.

F Second, if we assume that all thermal neutrons are captured by either hydrogen or 

boron atoms, then there will be [5×10Z ⁄: 5 − 5.4×10J ⁄: 5 ]×
=

=[".!"
 thermal 

neutrons being captured by hydrogen atoms per second. 

F Therefore, the gamma ray dose due to thermal neutrons captured by hydrogen will 

be reduced by a factor of =
=[".!"

 to 2.1 µGy/h. (down from 9 µ Gy/h previously with 
pure water).

After adding HIBOI	in water, the gamma-ray dose due to the 2.2 MeV gamma-rays from 
thermal neutron capture by hydrogen atoms in the water tank can be derived as 
follows: 
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Step 4: Improve the shielding efficiency by adding boric acid (𝐇𝟑𝐁𝐎𝟑) in water

F First, for every thermal neutron captured by a hydrogen atom, there will be about 3.23 
thermal neutrons each captured by a boron atom.

F Second, if we assume that all thermal neutrons are captured by either hydrogen or boron 

atoms, then there will be [5×10N ⁄O . − 5.4×10M ⁄O . ]×
I.-I
HQI.-I thermal neutrons being 

captured by boron atoms per second, leading to an apparent gamma-ray activity of 

[�×[�] ⁄^ _ Z�.�×[�` ⁄^ _ ]×
a.ba

cda.ba
`
a⋅�⋅ ����

a  = 22 �*+
8(5

Gamma-ray dose due to gamma rays from thermal neutron capture by boron atoms in 
the water tank can be derived as the following: 
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Step 4: Improve the shielding efficiency by adding boric acid (𝐇𝟑𝐁𝐎𝟑) in water

Therefore, the gamma-ray dose due to thermal neutron capture by boron atoms in the 
water tank can be derived as follows: 

Specific	gamma-ray	constant	for	0.48	MeV	
gamma-rays:

1.92×10(0
𝐶
𝑘𝑔

⋅ 𝑐𝑚1 ⋅ 𝑀𝐵𝑞() ⋅ ℎ()

𝐷̇ =
1
2
⋅ 𝐶 ⋅ 𝛤 ⋅

4𝜋
𝜇
⋅ 1 − e<2- ⋅ (34

⁄𝐽 𝑘𝑔
⁄𝐶𝑜𝑢𝑙𝑜𝑚𝑏 𝑘𝑔

) ⋅ (
⁄𝜇B4;9- 𝜌B4;9-
⁄𝜇4E- 𝜌4E-

)	

22(𝐵𝑞 ⋅ 𝑐𝑚(+)

Linear	att.	coef.	for	0.48	MeV	
gamma-rays	in	water,	
0.09 𝑐𝑚()

Radius	of	the	shielding,	34	cm

1.1

𝐷̇ = 1×10<"( 𝑚 ⁄𝐺𝑦 ℎ)
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F A spherical shielding of 34 cm radius filled with water would lead to a fast 
neutron dose of 10 µGy/h, a negligible thermal neutron dose, a gamma ray dose 
of 2.1 µGy/h from thermal neutron capture by hydrogen, and a gamma ray dose 
of 1 µGy/h from thermal neutron capture by boron. 

F The total is 13.1 µGy/h, which is smaller than the 15 µGy/h target. 

Step 4: Improve the shielding efficiency by adding boric acid (𝐇𝟑𝐁𝐎𝟑) in water


