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Dosimetric characterization of a high dose rate 192I  
source for brachytherapy application using Monte 

Carlo simulation and benchmarking with 
thermoluminescent dosimetry 

INTRODUCTION	
	

Brachytherapy	 is	 the	 clinical	 use	 of	 small																	
encapsulated	 radioactive	 sources	 at	 a	 short																			
distance	 from	 the	 target	 volume	 for	 irradiation	
of	 malignant	 tumors.	 Permanent	 implant	
brachytherapy	has	long	employed	radionuclides	
that	 emit	 principally	 low‐energy	 gamma	 rays	
that	can	be	produced	to	provide	suitable	activity	
(1).	 Valid	 clinical	 application	 for	 treatment																					
planning	requires	reliable	data	of	the	dosimetric	
characteristics	 of	 a	 new	 source	 design.	 Since																
currently	 varieties	 of	 192Ir	 sources	 are																					
commercially	 available	 with	 different	 core	 and	
encapsulation	 dimensions,	 accurate	 dosimetry	
are	 required	 in	 the	 close	 vicinity	 of	 the	 HDR							

iridium	sources.	
Both	 theoretical	 and	 experimental	 methods	

have	 been	 widely	 used	 to	 characterize	 two																				
dimensional	 dose	 distributions	 around																					
brachy	 sources	 in	 water	 mediums	 (2‐4).	 Monte	
Carlo	 simulation,	 ϐilm	 dosimetry	 and																			
thermoluminescent	 dosimetry	 (TLD)	 are	 used	
for	 determination	 of	 dose	 distribution	 around	
sources	 in	 different	 media	 (5‐7).	 The	 aim	 of	 this	
work	 is	 calculating	 the	 dosimetric	 data	 of	 an	
HDR	 192Ir	 seed	 source	 (Flexisource)	 and	 also	
comparing	 the	 results	 with	 the	 obtained	 data	
from	 TL	 dosimeters	 within	 a	 PMMA	 phantom.	
The	 data	 is	 used	 for	 dose	 distribution																					
measurements	 around	 the	 Flexisource	 in	 the		
after	loading	Flexitron	system.		
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ABSTRACT	
	

Background: The purpose of this project was to derive the brachytherapy 
dosimetric funcƟons described by American AssociaƟon of Physicists in 
Medicine (AAPM) TG‐43 U1 based on high dose rate 192I sources. Materials 
and Methods: The method uƟlized included both simulaƟon of the designed 
Polymethyl methacrylate (PMMA) phantom using the Monte Carlo of 
MCNP4C and benchmarking of the simulaƟon with thermoluminescent (TL) 
dosimeters. Results: The obtained results for the radial dose funcƟon and 
anisotropy funcƟon showed nominal errors of less than 3% between TL 
measurements and the MCNP4C results. Conclusion: It may be concluded 
that due to small observed errors and the large uncertainty associated with 
the high dose gradients near the source point the simulaƟon results can be 
used for dose esƟmaƟon. 
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MATERIALS	AND	METHODS	
 

Source	description	
The	 radiation	 source	 used	 in	 this																														

investigation	 was	 a	 HDR	 192Ir,	 Flexisource	
(Veenendaal,	 The	 Netherland),	 with	 an	 initial	
activity	of	370	GBq	at	the	time	of	manufacturing.	
The	 geometric	 design	 of	 the	 Flexisource	 is	
shown	in	ϐigure	1.	The	active	core	of	the	source	
is	a	pure	iridium	cylinder	(density	22.42	g/cm3)	
with	an	active	 length	of	3.5	mm	and	a	diameter	
of	 0.6	 mm.	 The	 active	 core	 is	 covered	 by	 a													
stainless‐steel‐304	 capsule	 (density	 8	 g/cm3)	
with	 outer	 source	 dimensions	 of	 0.85	 mm	 and	
4.6	 mm	 for	 diameter	 and	 length,																															
respectively.	It	was	assumed	that	the	radioactive	
material	 was	 uniformly	 distributed	 within	 the		
192Ir	active	core	(8).	

The	 decay	 scheme	 of	 192Ir	 was	 available																	
on‐line	in	the	Nuclear	Data	Base	of	the	IAEA.	The	
gamma	emission	spectrum	of	192Ir	is	shown	as	a	
histogram	representation	in	ϐigure	2.	The	source	
is	normalized	to	one	Bq	of	192Ir.	This	is	achieved	
by	 using	 the	 ‘sum	 of	 the	 emission	 probabilities	
for	all	photons’	per	decay	(=2.363)	of	 192Ir	 (9).	 It	
was	 observed	 by	 Mowlavi	 et	 al.	 that	 the	 real	
spectrum	 rather	 than	 monochromatic	 spectra	
with	energy	of	356	keV	was	 important	 for	dose	
calculation	near	and	far	from	the	source	(10).	The	
β	 spectrum	 of	 the	 192Ir	 	 source	 has	 not	 been												
considered	since	its	contribution	to	the	dose	rate	
distribution	 for	 distances	 greater	 than	 1	 mm	
from	 the	 source	 is	 negligible	 due	 to	 source										
encapsulation.	

	
Phantom	design	

In	 selection	 of	 a	 calibration	 or	 dosimetric	
phantom	 a	 number	 of	 key	 parameters	 of	 the													
phantom,	 including	 thickness	 for	 production	 of	

the	 full	 scattering	 condition	 and	 the																								
composition	 of	 tissue	 substitute	 must	 be	 taken	
into	 account.	 For	 photons	 the	 effective	 atomic	
number	 of	 the	 material	 is	 important.	 Water,	
acrylics,	 polystyrene	 or	 similar	 low	 atomic											
number	 materials	 are	 appropriate	 for	 such						
phantoms	(11).	Polymethyl	methacrylate	(PMMA)	
is	 one	 such	 material	 with	 low	 effective	 atomic	
number	 (Zeff=6.5)	 that	 is	 found	 suitable	 for													
calibration	and	dose	measurements.	In	this	work	
a	 PMMA	 slab	 phantom	 of	 dimensions	
30×30×20cm3	 was	 used	 to	 measure	 the	 dose						
distribution	 around	 the	 source.	 This	 phantom	
was	designed	with	a			central	hole	for	insertion	of	
the	 source	 carrier	 applicator	 which	 was																		
perpendicular	 to	 the	 axis	 of	 the	 TLD	 discs.	 The	
TLD	discs	were	arranged	in	circular	forms	with	a	
radial	distribution	in	the	range	of	0.5	to	9	cm	and	
were	 placed	 perpendicular	 to	 the	 source	 axis.	
Figure	 3	 shows	 the	 picture	 of	 the	 geometric				
design	of	the	phantom.	

Figure 1. SchemaƟc diagram of the 192Ir  Flexisource 
(dimensions in millimeter). 

Figure 2. The real spectrum of 192Ir. 

Figure 3. Geometric design of the PMMA phantom. 



Where	 Ecci	 is	 the	 efϐiciency	 correction																								
coefϐicient	 for	 each	 TLD	 disc,	 Ri	 and	 Rጤ 	 are										
individual	 and	 average	 readings	 of	 the	 total	
TLDs	 respectively.	 This	 correction	 factor	 is	 due	
to	differences	 in	TLD’s	physical	properties	 such	
as	 size,	mass,	 etc.	For	 calibration	purposes	TLD	
discs	 were	 placed	 under	 Plexi‐glass	 plates	 for	
electronic	equilibrium	and	were	irradiated	from	
a	 calibrated	 Co‐60	 source.	 To	 obtain	 the																								
absorbed	 dose	 calibration	 factor	 in	 Gy/Count,	
TLD	discs	in	groups	of	ϐive	were	irradiated	with	
different	 doses	 from	 0.3	 Gy	 to	 5	 Gy.	 Then	 to																				
calculate	 the	 corrected	 reading	 of	 each	 ϐield																			
dosimeter	the	followed	equation	was	used	(14):	
	
																																																						 (2)	
	

 

Dosimetric	formalism	
The	 dose	 rate	 at	 a	 point	 (r,θ)	 in	 the																							

phantom	 around	 the	 192Ir	 source	 was																								
determined	following	the	protocol	introduced	by	
group	 43	 AAPM	 using	 the	 following	 equation																				
(15‐16):	

	
																																																								 (3)	
	

where	r	denotes	the	distance	from	the	center	of	
the	 active	 source	 to	 the	 point	 of	 interest,	 r0										
denotes	 the	 reference	 distance,	 and	 θ	 denotes	
the	 polar	 angle	 specifying	 the	 point	 of	 interest	
relative	to	the	source	longitudinal	axis,	and	θ0	is	
the	 reference	 angle.	 The	 deϐinitions	 of	 the																
denoted	parameters	are	shown	in	ϐigure	4.	

Monte	Carlo	simulation	
The	 Monte	 Carlo	 code	 system	 MCNP4c	 was																		

employed	for	the	simulation.	MCNP	is	a	general	
purpose	 Monte	 Carlo	 radiation	 transport	 code	
which	 can	 simulate	 coupled																																																		
neutron‐photon‐electron	 transport	 in	 three																	
dimensions	 through	 complex	 geometries																					
constructed	as	Boolean	combinations	of	planes,	
spheres,	 cones	 and	 cylinders.	 This	 code																							
transports	 photon	 and	 electrons	 in	 the	 energy	
range	 from	 1	 keV	 to	 100	 MeV.	 The	 detailed																
photon	physics	treatment	includes	photoelectric	
absorption;	 K‐	 and	 L‐	 shell	 ϐluorescence,	 Auger	
emission,	 coherent	 scattering	 with	 electron	
binding	 effects	 accounted	 for	 by	 form	 factors,	
and	incoherent	scattering.	A	photoelectric	event	
is	 considered	 to	 be	 absorption	 and	 the	 photon	
history	 is	 terminated	 in	 such	 an	 interaction.	 In	
the	 case	 of	 a	 Compton	 interaction,	 the	 ϐinal																		
energy	and	position	of	the	photon	are	randomly	
sampled	 from	 Klein‐Nishina	 relation	 based																
angular	 probability	 and	 energy	 distribution	
functions	 (12).	 The	 code	 was	 run	 in	 combined	
photon	electron	mode.	An	energy	cut	off	value	of	
1	 keV	 was	 used	 to	 terminate	 tracking	 of																				
photon	 and	 electron	 histories.	 MCNP	 requires	
the	 source	 for	 a	 particular	 problem	 to	 be																		
speciϐied	in	a	user‐deϐined	input	ϐile.	The	source	
includes	 distributions	 of	 the	 positions,	 energy	
and	 angle	 of	 the	 starting	 particles.	 The	 MCNP	
tally	options	utilized	for	the	needed	parameters	
was	 *F8	 tally	with	Mode	p	 e.	 The	 cross	 section	
library	 containing	 data	 from	 the	 ENDF	 was																		
included	with	 the	MCNP	 code	 that	was	 utilized	
for	the	computations.		
 

Thermoluminescent	dosimeters	
TLD‐100H	 (Harshaw)	 discs	 with	 diameter	

length	of	4.5	mm	×	0.9	mm	thickness	were	used	
in	 this	 study.	 The	protocol	 for	 using	TLD‐100H	
was	 described	 in	 detail	 by	Mckeever	 et	al.	 and	
Furetta	 (13‐14).	 Brieϐly,	 the	 discs	 were	 ϐirst																											
annealed	at	240˚C	for	10	min.	To	determine	the	
sensitivity	 of	 each	 individual	 TLD,	 efϐiciency						
correction	 coefϐicients	 (ECC)	 were	 obtained	 by	
the	following	equation:	

	
																																																																					 (1)	
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Figure 4. Coordinate system used for the dosimetry          
calculaƟon formalism (Update of AAPM TG‐43 report). 
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In	equation	3,	D(r,θ)		is	the	dose	rate	at	point	
(r,θ),	 Sk	 is	 the	 source	 strength	 (air‐kerma	
strength),	 Λ	 is	 dose	 rate	 constant,	 GL(r,θ)	 is									
geometry	 factor,	 gL(r)	 is	 the	 radial	 dose																	
function,	and	F(r,θ)	is	anisotropy	function.	

Geometry	 function	 is	 used	 to	 improve	 the					
accuracy	 with	 which	 dose	 rates	 can	 be																									
estimated	 by	 interpolation	 from	 data	 tabulated	
at	 discrete	 points.	 Physically,	 the	 geometry					
function	 neglects	 scattering	 and	 attenuation,	
and	 provides	 an	 effective	 inverse	 square	 law											
correction	 based	 on	 an	 approximate	 model	 of	
the	 spatial	 distribution	 of	 radioactivity	 within	
the	 source.	 Because	 the	 geometry	 function	 is	
used	only	to	interpolate	between	tabulated	dose	
rates	 values	 at	 deϐined	 points,	 highly	 simplistic	
approximations	 yield	 sufϐicient	 accuracy	 for	
treatment	planning:	

	

																																																										
(4)	
	
	

	

for	 line‐source	 approximation,	 where	 β	 is	 the	
angle,	 in	 radians,	 subtended	 by	 the	 tips	 of	 the	
hypothetical	 line	 source	 with	 respect	 to	 the	
point	of	interest	(r,θ).		

The	 radial	 dose	 function	 accounts	 for	 dose	
fall‐off	 on	 the	 transverse	 plane	 due	 to	 photon	
scattering	and	attenuation,	i.e.,	excluding	fall‐off	
included	by	the	geometry	function:	

	
																																																																		

	 (5)	
	
	
The	 2‐D	 anisotropy	 function	 describes	 the	

variation	in	dose	distribution	around	the	source,	
including	the	effects	of	absorption	and	scatter	in	
the	medium	as	a	function	of	polar	angle	relative	
to	 the	 transverse	 plane	 due	 to	 self‐ϐiltration,	
oblique	 ϐiltration	 of	 primary	 photons	 through	
the	 encapsulating	 material	 and	 scattering	 of	
photons	in	the	medium.	2‐D	anisotropy	function	
is	deϐined	as:	

	
								
									 (6)  
 

						RESULTS	AND	DISCUSSION	
	

The	radial	dose	function,	g(r),	was	calculated	
according	 to	 the	 TG‐43	 deϐinition	 and	 is												
depicted	 in	 table	 1.	 Figure	 5	 details	 both									
simulated	 and	 measured	 data	 for	 the																
Flexisource.	 Comparison	 of	 the	 measured	 and	
simulated	data	 isThe	 radial	dose	 function,	 g(r),	
was	calculated	according	to	the	TG‐43	deϐinition	
and	is	depicted	in	table	1.	Figure	5	details	both	
simulated	 and	 measured	 data	 for	 the															
Flexisource.	 Comparison	 of	 the	 measured	 and	
simulated	 data	 is	 found	 to	 be	 nominally	 less	
than	 3%.	 For	 this	 source,	 the	 Monte	 Carlo																	
calculated	g(r)	 function	 in	the	range	of	0.5	to	9	
cm	 was	 ϐitted	 using	 a	 ϐifth‐order	 polynomial	
curve,	namely	

	
	

		(7)	
	

where	 a0=0.7027,	 a1=0.4847,	 a2=‐0.2513,	
a3=0.0574,	a4=‐0.006,	a5=0.0002.	
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Table I. A comparison of the calculated and measured radial 
dose funcƟon of the Flexisource  192Ir brachytherapy source. 

r(cm) 
g(r),                

simulaƟon 
g(r),              

measurement 
RelaƟve                   

difference percent 

0.6 0.91 0.82 10.01 

1 1 1 0 

2.4 1.03 1.01 2.15 

3 1.02 1.02 0 

3.7 0.98 0.96 3.7 

4.5 0.98 0.9 7.5 

5.2 1.01 1.03 1.94 

7.5 0.99 0.97 2.02 

9 0.84 0.81 3.6 

Figure 5. Comparison of the measured dose funcƟon, g(r), of 
the Flexisource with the Monte Carlo simulated data in 

PMMA phantom. 
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The	 results	 of	 the	 two‐dimensional																																	
measurements	 of	 the	 dose	 distribution	 in																
phantom	 were	 analyzed	 using	 the	 geometry					
factor,	 G(r,θ),	 to	 arrive	 at	 an	 anisotropy																
function	 for	 the	Flexisource.	 Figures	6(a)	 and	6
(b)	detail	both	simulated	and	measured	data	for	
the	 Flexisource.	 Nominal	 relative	 differences	
with	 respect	 to	 Monte	 Carlo	 simulation	 are	
found	 to	 be	 10%	 at	 angles	 between	 0	 to	 30																																							
degree	 and	 less	 than	 2%	 at	 other	 angles.	 The	
greater	 errors	 between	 simulated	 and																							
measured	 F(r,θ)	 for	 the	 angles	 of	 90	 to	 150					
degrees	is	partially	due	to	the	transit	dose	which	
depicts	 itself	 as	a	higher	value	of	 the	measured	
data	 at	 these	 angles.	 This	 same	 transit	 dose															
phenomenon	 also	 presents	 itself	 as	 an																										
asymmetric	dose	distribution	with	higher	values	
occurring	at	angles	90	to	150.		
	Figure	7	presents	a	comparison	of	the	radial	

dose	 functions	 for	 various	 192Ir	 HDR																		
sources.	 It	 indicates	 that	 radial	 dose	 functions	

are	 very	 similar	 for	 these	 HDR	 sources.	 The																
discrepancies	between	the	radial	dose	functions	
far	 from	 the	 source	 (r	 >	 5	 cm)	 arise	 from	 the																						
different	sizes	of	the	water	phantoms	(8).	
In	 ϐigure	 8,	 the	 anisotropy	 functions	 of																

various	 192Ir	 	 HDR	 sources	 are	 compared	 for																		
r	=	1	cm.	It	shows	that	the	anisotropy	function	is	
very	 similar	 for	 Flexisource,	 Nucletron																			
mHDR‐v2,	 BEBIG‐HDR,	 and	 Gammamed	 12i	
sources	due	to	their	similar	geometric	design.	In	
contrast,	 signiϐicant	 differences	 exist	 between	
the	anisotropy	function	of	these	sources	and	that	
of	the	Buchler	source.	This	is	due	to	the					larger		
distance	 from	 the	 active	 edge	 to	 the	 tip	 of	 the	
source,	 the	 larger	active	diameter,	and	a	 	 larger	
ϐiltration	capsule	thickness	for	the	former	source	
model	compared	with	the	other	ones	(8).		

In	 view	 of	 the	 very	 high	 dose	 gradient	 near	
the	 source	 point,	 the	 actual	 measurement	 may	
have	large	associated	uncertainties.	On	the	other	
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Figure 6. Comparison of the measured and Monte Carlo 
calculated anisotropy funcƟon for the Flexisource in a PMMA 
phantom at radial distances of (a) r=4.5 cm, and (b) r=5.2 cm. 

Figure 7. Comparison of the radial dose funcƟons for            
various 192Ir HDR sources. 

Figure 8. Comparison of the anisotropy funcƟons for           
various 192Ir HDR sources for the radial distance of r = 1 cm. 
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hand,	 simulated	 dose	 measurements	 at	 any																				
distance	near	or	far	away	from	the	source	point	
can	be	performed	with	reasonable		accuracy,	and	
thus	 it	 may	 be	 feasible	 to	 partially	 rely	 on	 the	
simulated	 data	 in	 places	 where	 dosimetry	 is													
difϐicult	to	carry	out.	

	
	

CONCLUSIONS	
	

The	 dosimetric	 characteristic	 of	 the																					
Flexisource	 192Ir	 	 brachytherapy	 source	 by	
AAPM	 TG‐43	 formalism	 has	 been	 performed				
using	 standard	 methods	 employing																					
thermoluminescent	 dosimeters	 in	 a	 water					
equivalent	 phantom.	 The	 results	 of	 this	 study	
indicate	 that	 Monte	 Carlo	 simulation	 in																
brachytherapy	 is	 useful	 to	 obtain	 dosimetric			
parameters	and	to	verify	the	measurement	data.		
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