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adiotracers A

pplication
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RAD
IO

TRACERS
A tracer is any 
substance w

hose 
atom

ic or nuclear, 
physical or chem

ical 
properties provide for 
follow

ing of behavior of 
various physical or 
chem

ical processes.
There are m

any kinds 
of tracers; radioactive
tracers are the only 
used for online 
diagnosis of industrial 
reactors.



RAD
IO

TRACER SELECTIO
N

Factors that are im
portant in the selection of a 

radiotracer are given as follow
s:

•Physical/chem
ical form

 and properties of 
tracer w

ith respect to the system
 under 

investigation
•H

alf-life of tracer
•Specific activity of tracer
•Type and energy of radiation em

itted
•Availability and cost of tracer
•M

ethod of m
easurem

ent (on-line or sam
pling)

•H
andling of radioactive m

aterials, radiological 
protection/regulations.



Intrinsic (or chem
ical) tracers,are m

olecules 
containing an isotope of one of the m

olecule’s natural elem
ents.

For exam
ple, in the case of water, Tritium

 ( 1H
 3H

16O
) m

easured by 
nuclear techniques (in practice liquid scintillation counting) is an 
intrinsic tracer. In this case, the water m

olecule is traced from
 the 

inside, in the intim
acy of it nucleus, consequently the water tracer 

will (in practice) follow all m
ovem

ents and reactions of water itself.

Extrinsic (or physical) tracers,are m
ade up of 

atom
s or m

olecules supposed to share the sam
e dynam

ic 
characteristics and, in general, the sam

e m
ass flow behavior as the 

investigated m
edium

. For exam
ple, in case of water, N

a
131I-and 

99mTcO
4 are exam

ples of extrinsic tracers. 

Extrinsic tracers are m
ostly em

ployed in 
industry.



RAD
IO

TRACER  AD
VAN

TAG
ES ARE:

-high detection sensitivity for extrem
ely sm

all am
ounts: 1 Ci of 

131I-w
eighs 8 μg, w

hile 1 Ci of 82Br-w
eighs only 0.9 μg; that’s w

hy, 
w

hen injected, they do not disturb the dynam
ics of the system

 
under investigation;

-radiotracer can be m
easured from

 the outside of a pipe or vessel;
-disappearance of the tracer from

 the m
edium

 under investigation 
through radioactive decay provides for a repetition of experim

ents 
on the sam

e location w
ith the sam

e tracer, all w
hile pollution 

declines to a m
inim

um
;

-radiotracer can be selective; several tracers m
ay be em

ployed 
sim

ultaneously and m
easured w

ith field spectrom
eters;

-em
ission of radiation is a specific property of the radionuclide, not 

affected by interference from
 other m

aterials in the system
. 



N
on-nuclear techniques

R
adiotracers

Traces U
sed: R

eactive G
ases

R
ecom

m
ended : G

aseous radiotracers

C
l2 , SO

2 , N
O

2 , SF
6 , etc.

A
r-41, K

r-79, Br-82 (as C
H

3 Br)

A
dvantages

-Easy availability
-Sim

ple analysis
-H

igh selectivity
-Low

 detection lim
it

-In-situ/O
n-line m

easurem
ent (no 

sam
pling needed)

D
isadvantages

-Poor selectivity
-Poor detection threshold
-Statistically representative sam

ple

-Availability
-C

osts
-R

adiation safety regulations

A
pplications in W

W
TP: (1) A

eration tanks, (2) Biological filters, 
(3) D

isinfection unit, (4) A
naerobic digester

G
as phase



N
on-nuclear techniques

R
adiotracers

Tracers used:
Radiotracers recom

m
ended:

Electrolytes (N
aCl solution) -conductivity

D
yes (Rhodam

ine, Fluorescence) -color
A

cids &
 A

lkali -pH

K
82Br, N

H
3 Br, 99mTc, 113mIn-ED

TA
, 46Sc, I 

(131&
125), 24N

a
2 CO

3

A
dvantages

-
Easy availability

-
Cheap

-N
o interaction w

ith W
W

TP treatm
ent

-Low
 detection threshold

-O
n-line m

easurem
ent

-N
o lim

itations due pH, conductivity, color
-Som

e radiotracers are readily available.
D

isadvantages
-N

ot suitable for colored, conducting liquids
-Stratification possibility
-Large threshold detection concentration
-Possible interference w

ith W
W

TP operation

-
Radiation safety regulation

-
Relatively expensive detection equipm

ent

A
pplications in W

W
TP: (1) Central collection/Flow

 rates, (2) Equalization tank, (3) Flash 
m

ixer, (4) Clarifiers, (5) A
eration vessel (A

SP), (6) A
naerobic digesters, (7) D

ispersion of 
discharge in w

ater bodies.

Liquid phase



N
on-nuclear techniques

R
adiotracers

Tracers used
R

adiotracers recom
m

ended

N
o know

n solid tracers
Current m

ethod: sam
pling, filtering, drying, 

w
eighing

In-113m
, Tc-99m

, A
u-198, etc.

A
dvantages

-Sam
e as in case of liquid phase 

radiotracers
-C

an be independently detected w
ithout 

interference w
ith gas and liquid 

detection
D

isadvantages

-
Tedious

-
Statistically representative sam

pling
-

R
adiation safety regulation

-
R

elatively expensive equipm
ent

A
pplications in W

W
TP: (1) C

ollection netw
orks, (2) Sand and grit rem

oval, 
(3) C

larifiers, (4) Biological reactors (aerobic and anaerobic) (5) D
ischarge netw

orks

Solid phase



N
uclear R

eactors
G

enerators
C

yclotrons
P
rin

cip
le of 

p
rod

u
ction

Target m
aterial 

in
serted in the 

n
eu

tron
 flu

x field 
u

n
dergoes fission or 

n
eu

tron
 activation 

tran
sm

u
tin

g into 
radion

u
clide of 

in
terest

Lon
g-lived paren

t 
radion

u
clide decays to 

short-lived dau
ghter 

n
u

clide of in
terest. 

D
au

ghter n
u

clide 
elu

tion
 follow

s in pre-
determ

ined cycles

Target m
aterial 

irradiation by charged 
particle beam

s. In
du

cing 
n

u
clear reactions that 

tran
sm

u
te the m

aterial 
in

to radion
uclide of 

in
terest.

T
ra

n
sm

u
ta

tio
n

 ba
se

N
eu

tron
s

D
ecay

M
ostly proton

 beam

A
d

va
n

ta
g
es

-
H

igh produ
ction 

efficiency
-

C
en

tralized 
produ

ction: on
e 

research reactor able 
to su

pply to large 
region

s 

-
A

vailable on site, n
o 

n
eed for logistics

-
M

ostly lon
g shelf life

-
Easy to u

se
-

Lim
ited radioactive 

w
aste: retu

rn
ed to 

m
an

u
factu

rer after 
u

se

-
H

igh specific activity in 
m

ost cases
-

Sm
all in

vestm
ent in

 
com

parison
 to n

u
clear 

reactor
-

Little lon
g-lived 

radioactive w
aste

D
isad

van
tages

-
Extrem

ely high 
in

vestm
ent cost

-
H

igh operation
al 

costs
-

C
on

siderable 
am

ou
n

ts of lon
g-lived 

radioactive w
aste

-
Lon

g ou
t-of-service 

periods
-

Pu
blic safety 

con
cerns

-
Su

pplies in
 cycles 

according to possible 
elu

tion
 frequ

ency;
-

Trace con
tam

inants 
of lon

g-lived paren
t 

n
u

clide in eluted 
produ

ct

-
C

om
plex logistics 

n
eeded for short-lived 

produ
ced radionuclides

-
R

adion
uclide 

produ
ction lim

ited 
depen

ding on
 installed 

beam
 en

ergy

C
om

m
on

 types of radion
u
clide 

sou
rces

Currently m
ost 

radionuclides are 
produced from

 three 
types of sources: 
•

nuclear 
research 
reactors, 

•
radionuclide 
generators

•
cyclotron 
facilities. 
(generators still 
need a reactor or 
cyclotron source 
to produce the 
parent 
radionuclide)



Tc-99m
is produced by the radioactive decay of m

olybdenum
-99 (M

o-99). 
M

o-99 is currently m
ade in nuclear research reactors through the fission 

(splitting) of enriched uranium
. Neither isotope can be stockpiled because 

they decay rapidly: the am
ount of radiation em

itted by Tc-99m
 halves every 6 

hours, and the yield of Tc-99m
 obtained from

 M
o-99 halves every 66 hours. 

M
o-99 is loaded into dispensers called generators, w

hich are shipped to the 
end-users. Tc-99m

 is extracted from
 the M

o-Tc99m
 generator by flushing it 

w
ith saline (saltw

ater). A generator typically lasts 1-2 w
eeks.

Nuclear reactors producing  >
90%

 of the w
orld’s M

o-99 are:
HFR Netherlands 

38%
 

2024 
BR-2 Belgium

 
26%

 
2026 

Safari-1 South Africa 
21%

 
2030 

M
ARIA Poland 

15%
 

2030 
OPAL Australia 

15%
 

2057 
LVR-15 Czech Republic 

14%
 

2028 
NRU Canada 

Previously 30%
, now none. Closed Oct 2016

Producing technetium
 



W
h
en

a
target

is
u
n
der

irradiation
in

a
n
u
clear

reactor,
the

activation
per

second
can

be
represented

by:

dN
*/dt

= Φ
 σ N

T
w

h
ere:

•Φ
is

the
neu

tron
flu

x
(n/cm

2s)
•σ

is
the

activation
section

(neu
tron

captu
re

cross-section
,10

24
barn

)
•N

*
is

the
nu

m
ber

ofactivated
atom

s
(atom

s/g)
•N

T is
the

totalnu
m

ber
ofatom

s
presen

tin
the

target
(atom

s/g)
Since

the
product

radioisotope
starts

decaying
w

ith
its

ow
n

half-life,
once

produ
ction

starts,the
net

grow
th

rate
ofactive

atom
s

can
be

w
ritten

as:

dN
*/dt

= Φ
 σ N

T
-

λ N
*

w
h

ere:
λ

=
ln2/T

1/2
=

0.693/
T

1/2
is

the
decay

constant
of

the
bein

g
created

radioisotope,and
T

1/2
is

its
half-life.

The
above

equ
ation

can
be

solved
to

determ
ine

the
valu

e
ofradioactive

atom
s

at
the

end
ofirradiation

tim
e

ti ,as
follow

s:

N
* = σ Φ

N
T

 [1-exp
(-λ t

i )]



S
u
rfa

ce la
bellin

g

A
dsorption

ofa
radion

u
clide

on
su

rface
ofa

solid
h

as
been

u
sed

as
a

labellin
g

m
eth

od
for

san
d

particles
an

d
m

an
y

pow
dered

m
aterials.

S
olid

particles
are

first
soaked

in
stan

n
ou

s
ch

loride
(S

n
C

l2 )an
d

th
en

placed
in

an
aqu

eou
s

solu
tion

of
gold

ch
loride

con
tain

in
g

radioactive
198A

u
.

Th
e

gold
exch

an
ges

w
ith

tin
,

th
rou

gh
a

redu
ction

-oxidation
process,to

produ
ce

labelled
particles.

A
n

oth
er

sim
ple

m
eth

od
for

su
rface

labellin
g

is
to

absorb,
soak

or
sprin

kle
th

e
m

aterial
w

ith
radioactive

solu
tion

.
Th

is
m

eth
od

h
as

been
u

sed
for

labellin
g

coalan
d

refractory
m

aterials.

W
ith

su
rface

labellin
g

m
eth

ods,
u

n
like

direct
activation

,
th

e
activity

becom
es

proportion
al

to
th

e
su

rface
area

of
th

e
m

aterial
rath

er
th

an
its

m
ass,an

d
it

th
u

s
depen

ds
on

th
e

grain
size

distribu
tion

.

S
om

e
fin

e
m

aterials
(<100

m
icron

s)
like

silt,
cem

en
t,

carbon
black,

alu
m

in
u

m
pow

der,
etc.

labelled
w

ith
A

u
-196,

Tc-99m
or

In
113

can
be

con
sidered

as
m

ass
labellin

g.



Isotope
H

alf-life
R

adiation, Energy(M
eV

)
C

hem
ical Form

Tracing of phase
Tritium

 ( 3H
)

12.6 y
Beta, 0.018(100%

)
Tritiated w

ater
Aqueous

Sodium
-24

15 h
G

am
m

a:1.37(100%
)2.75(100%

)
Sodium

 carbonate
Aqueous

Brom
ine-82

36 h
G

am
m

a:
1.32 (27%

)
Am

m
onium

 brom
ide,

p-dibrom
-benzene, 

D
ibrobiphenyl

CH
3 Br

Aqueous
O

rganic
O

rganic
G

ases
Lanthanum

-140
40 h

G
am

m
a:1.16 (95%

), 0.92 (10%
)

0.82(27%
), 2.54 (4%

)
Lanthanum

Chloride,
Lanthanum

 oxide
Solids 

G
old-198

2.7 d
G

am
m

a: 0.41 (99%
) 

Chloroauric acid
Solids /aqueous 

M
ercury-197

2.7 d
G

am
m

a: 0.077(19%
)

M
ercury m

etal
M

ercury
Iodine-131 

8.04 d
G

am
m

a:0.36 (80%
), 0.64 (9%

)
Potassium

 or Sodium
 iodide,

Iodobenzene
Aqueous
O

rganic
Chrom

ium
-51

28
d

0.320(9.8%
)

Cr-ED
TA,CrCl3

Aqueous
Technetium

-99m
6 h

G
am

m
a: 0.14 (90%

)
Sodium

 pertechnetate TcO
4 -

Aqueous
Scandium

-46
84 d

G
am

m
a:0.89(100%

)1.84(100%
)

Scandium
 oxide,

Scandium
 chloride, 

ScCl3 (Sc 3+) 

Solids 

Xenon-133
5.27 d

G
am

m
a: 0.08 (100%

)
Xenon

G
ases

Krypton-85
10.6 y

G
am

m
a: 0.51(0.7%

 )
Krypton

G
ases

Krypton-79
35 h

G
am

m
a: 0.51 (15%

)
Krypton

G
ases

Argon-41
110 m

in
G

am
m

a: 1.29 (99%
 )

Argon
G

ases

M
ajorR

adiotracers
used

in Industry



Som
e radiotracers induced by direct activation of 

solids

Irradiated 
m

aterial
Induced radionuclides

Coal
46Sc, 59Fe (after decay of 56M

n, 
24N

a)
Clinker, 
cem

ent
24N

a

Cracking 
catalyst

140La

Gold ore
198Au, 59Fe, 42K, 140La, 56M

n, 24N
a, 

46Sc, 51Cr
Copper ore

64Cu, 42K, 140La, 24Na

Carbon black
24N

a



Com
m

only used radiotracers in aqueous solutions

Radionucli
de

H
alf-

life
Jradiation of interest 
(M

eV)
Chem

ical form

24Na
15 h

1.37 (100%
), 2.75 

(100%
)

Na
2 CO

3 , NaHCO
3

56M
n

2.6 h
0.85 (100%

), 1.8 
(30%

), 
2.1 (20%

)
M

nSO
4

82Br
36 h

0.55 (70%
), 1.32 

(27%
)

NH
4 Br

198Au
2.7 d

0.41 (99%
)

HAuCl4
131I

8.04 d
0.36 (80 %

), 0.64 
(9%

)
NaI, KI

51Cr
27.8 d

0.325 (9%
)

Cr-EDTA com
plex



Com
m

on liquid radiotracers for organic m
edia

Liquid tracer
Chem

ical form
Boiling

point( oC)

Para-dibrom
o-benzene

C
6 H

4 82Br2
219

Brom
o-dodocane

C
12 H

25 82Br
240

Am
m

onium
-iodide

N
H

4 131I
220

Am
m

onium
-brom

ide
N

H
4 82Br

235

Brom
o-naphthol

82BrC
10 H

6 OH
130

Iodo-benzene
C

6 H
5 131I

188

Sodium
-iodide

24N
a

131I
1304



M
ajor Problem

 in Radiotracer Applications
for countries w

ithout nuclear reactor

•
Tim

ely availability of a tracer is the greatest 
barrier to the use of radioactive tracer. M

any 
urgent applications can not be carried out.

•
Countries w

ith no radioisotope production 
facilities need to im

port the radiotracers.  

Solution ?

Radionuclide G
enerators



G
enerator principles 

M
other radionuclide

D
aughter

radionuclide

G
enerator

colum
n

R
adiation

lead shield

99mTc is eluted as an 
anion TcO

4 -

(perthecnetate)



a) External view
 of a 

technetium
 generator 

produced by the Australian 
Nuclear Science and 
Technology Organisation
b) Schem

atic diagram
 

show
ing the internal 

structure of a typical 
technetium

 generator.

22 m
illion m

edical 
diagnostic 
procedures per year 
in m

ore than 100 
countries





99M
o →

99mTc, 
T

1/2 = 66 h →
6 h, IT 140keV

M
A

JO
R

 R
A

D
IO

N
U

C
LID

E
 G

E
N

E
R

A
T

O
R

S

113Sn →
113mIn, 

T
1/2 = 115.1 d →

99.5 m
in, IT 392 keV

137Cs  →
137mBa, 

T
1/2 = 30.17 y →

2.55 m
in, IT 661.6 keV

R
adioisotope generator in 

investigation:
68G

e →
68G

a, 
J1077 keV, 270.8 d    67.6 m

in, 



Q
uestion: Into w

hich substance 
does 99mTc

decay w
hen it em

its 
gam

m
a radiation?

a. Tc -9
9

b. M
b -9

8
c. Tc -9

8
d

. M
o -

9
9



Technetium
, 99m

Tc, is one of the favorites
for 

diagnostic scans because of short physical and 
biological half-lives. It clears from

 the body very 
quickly after the im

aging procedures.

Problem
 1.

I-131 sodium
 iodide has a tbiolof 24 d. W

hat is teff? 
1/ teff= 1/ tphys

+ 1/ tbiol= 1/8 + 1/24 = 1/6 day-1
so.... teff=

 6 d  
Problem

 2.
A Tc-99m

 com
pound has a teff= 1 hr. W

hat is tbiol? 
1/ tbiol= 1/ teff-1/ tphys

= 1/1 -1/6 = 5/6 hr-1
so... tbiol=

 1.2 hr
Problem

 3.  
A radiopharm

aceutical has a biological half-life of 4.00 hr and an effective 
half-life of 3.075 hr. W

hat isotope w
as used? 

1/ tphys
= 1/ teff-1/ tbiol= 1/3.075 –

1/4.00 = 0.0752033 hr-1
Therefore tphys

=
 13.3 hr and the radioisotope is I-123 



99M
o/

99mTc Generator, is used extensively in nuclear m
edicine and is 

w
idely available w

orldw
ide; for this reason the short half-life of the 99M

o is not a 
disadvantage. T½

= 6 h of
99mTc is appropriate for a w

ide range of studies on 
industrial plant. The gam

m
a-ray (140 keV

) has a half-thickness of 5 m
m

 of steel. 
Thus, the 99mTc, w

hich is usually eluted as sodium
 pertechnetatesolution, is suitable 

as a tracer for vessels of w
all thickness up to about 10 m

m
. 

Typical applications in industry: RTD and flow
 rate 

m
easurem

ents
137Cs/

137mBa Generator,is not com
m

ercially available, but hom
e m

ade.
The parent, 137C

s m
ay be purchased from

 a num
ber of suppliers ( 137C

sC
l3 ). To 

provide a generator system
 it is necessary:

(a) To attach the cesium
 chem

ically onto appropriate support m
edium

.
(b) To provide a suitable system

 for eluting the 137mBa daughter.

Typical application of this generator is the flow
 rate 

m
easurem

ent for calibration.



113Sn / 113mIn G
enerator,is com

m
ercially available. G

am
m

a-ray 
energy of 113mIn (392 keV

) together w
ith useful half-lives of the 113Sn 

parent (115.1 d) and 113mIn daughter (99.5 m
in) m

akes this generator 
m

ore suitable for m
any industrial applications than the 99M

o/ 99mTc. 
O

nce eluted w
ith H

C
l, 113mInC

l3
is produced, w

hich is good tracer for 
solids (sedim

ents); m
ixing w

ith ED
TA solution, the 113mIn-ED

TA 
com

pound is produced w
hich is a good tracer for w

ater like system
s.

68G
e/ 68G

a G
enerator, is not com

m
ercially available.

This is in m
any respects sim

ilar to the 113Sn/ 113mIn generator. D
ue to 

high gam
m

a ray energy of 1.08 M
eV, 68mG

a can be used as a 
radiolabel on suitable tracers for plants w

ith thick-w
alled pipes and 

vessels. The half-life of the parent (287 days) is conveniently long 
though the daughter's half-life of 68.3 m

inutes is too short for studies 
of m

ore than a few
 hours' duration. It is not know

n w
hether this 

generator is currently com
m

ercially available.



Applicability of the N
a

131I and 99mTcO
4 -

as radiotracer

Can they be used for tracing w
ater ? Yes

Can they be used for tracing solids? Tc only, 
som

etim
es

Can they be used for tracing organic liquids? 
N

aI
could be as iodobenzene, but how

 to 
prepare? And as alcohol?



Cyclotron produced radionuclides

Cyclotron 
type

Energy 
Range 
(M

eV)

Approxi
m

ate 
num

ber

Typical 
location

Sm
all 

m
edical 

cyclotron 
(SM

C)

<
 20

M
eV

1050
-hospitals
-universities
-local 
com

m
ercial 

plants

Interm
ediat

e energy 
cyclotron

20 –
35

M
eV

100
-regional 
com

m
ercial 

plants
-research 
institutes

H
igh energy 

cyclotron
>
 35

M
eV

50
-research 
institutes
-cancer 
proton 
therapy 
centers



Radioiodines
I-123

Today, the w
idely used 131I therapeutic agent (T

1/2 = 8.02 d, 
100%

 β
−, 90%

 β
−av 192 keV, 82%

 γ 364 keV) is produced in 
nuclear reactors.

Iodine-123 is the second m
ost w

idely used radioiodine and 
also the second m

ost used im
aging agent after 99mTc. Its 

popularity com
es from

 its availability, perfect γ energy for 
im

aging and appropriate half-life.

123I is considered a classical radionuclide because of its 
w

idespread availability, w
ell-established production m

ethod 
and routine production. 

Iodine-123 Radiochem
ical Sodium

 Iodide 
Solution

Chem
ical Form

: Sodium
 iodide in 0.1N NaOH

N
uclear Reaction

Prim
ary

124Xe (p,2n) 123Cs -123Xe -
123I

Secondary
124Xe (p,pn) 123Xe -123I


