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Introduction 

201TlCl is one of the most important cyclotron products 
being used in nuclear medicine for diagnostic purposes 
such as myocardial imaging [6, 8]. However, non cardiac 
applications have been reported [2–5, 10, 12]. 

The radionuclide 201Tl is produced by proton-
-irradiation of an enriched 203Tl target in a cyclotron 
involving the nuclear reaction 203Tl(p,3n)201Pb followed 
by the decay of the parent nuclide 201Pb (T1/2 = 9.33 h) 
into 201Tl (T1/2 = 76.03 h) by electron capture. 

Solid targets for production of many radionuclides 
by proton beams have played a great role in nuclear 
medicine. The mass production of 201Tl often employs 
a solid target system, where enriched 203Tl metal is 
electrodeposited onto a copper backing plate. For pro-
duction of the radionuclide, the metallic solid target is 
irradiated by energetic protons (28.5 MeV) produced in 
a cyclotron which can produce beam currents of several 
hundred microamperes. Although production yields can 
be enhanced by increasing the proton beam current, the 
maximum beam deposited on a target is limited by the 
targetry including thermal characteristics of the target 
material and cooling system to prevent possible loss 
of the target material. Thus, it is required to investigate 
the optimal operating condition of the solid target to 
obtain high production rate of 201Tl. Since the demand 
for 201Tl from nuclear medicine centers in the country 
has been increasingly grown, the main objective of this 
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study was to investigate how to possibly increase the 
proton beam currents and the productivity of 201Tl. 

Methods 

In the Nuclear Medicine Research Group that belongs 
to the Nuclear Science and Technology Research In-
stitute, the Atomic Energy Organization of Iran has 
installed a cyclotron Cyclon-30 (manufactured by IBA, 
Belgium) which accelerates H– ions and extracts H+ ions 
with variable energy between 15–30 MeV and beam 
current up to 350 μA. 

One of the difficult problems in accelerator targetry 
is dissipation of the heat generated as the beam passes 
through the matter. One approach, often taken with 
solid targets, is to use an angle of α inclined plane 
to spread the beam out over a large area and thereby 
reduce the power density in the striking beam area. An 
example of this type of target system, which has been 
used routinely in AMIRS, is shown in Fig. 1. 

The solid target is a thin layer of thallium electrode-
posited onto a copper plate. At the rear of the copper 
plate, there is a cooling water to transfer heat convec-
tively. Copper was chosen because it is relatively easy 
to electroplate thallium onto it and has an excellent 
thermal conductivity, which is important for removal 
of heat from the thallium. Some important properties 
of Cu and Tl are listed in Table 1. 

Tha l l ium has  low thermal  conduct iv i t y 
(0.46 W·cm–1·K–1); therefore, the most critical issue 
in the design of a production target is to provide an 
effective cooling system in order to avoid melting of 
the thallium layer. In addition, its solid vapor pressure 
increases logarithmically with temperature as shown in 

Eq. (1) [9] and, as a result, some of the expensive target 
material might be lost if the cooling is not efficient. 
Thus, the optimization of the cooling system is of utmost 
importance for achieving cost effective production.

(1)          log(p) = 10.977 – 9447/T 

In this equation p is in Pascals and T in K. 
Tl target can be considered as a three-layer system, 

facing the accelerator vacuum on one side and the cool-
ing water on the other side as shows in Fig. 2. 

Layer 1 in Fig. 2 is the 203Tl deposit denoted by a cm. 
In this layer, 201Pb is produced by the 203Tl(p,3n)201Pb 
nuclear reaction at a beam-target angle of α. The energy 
loss of protons in this layer is converted to heat (qT

’
l
’’). 

Layer 2, the Cu-1 layer, has a physical thickness of 
b1 cm. In this layer, protons emerging from the thallium 
layer are stopped completely. The qC

’
u
’’ is heat generated 

in this layer. 
Layer 3, the Cu-2 layer, has a physical thickness of 

b2 cm and serves as a mechanical support for the thal-
lium layer. The total heat (qT

’’’) produced in the layers 
qT

’
l
’’ and qC

’
u
’’ is transferred to the cooling water through 

this layer by conduction: 

(2) 

As mentioned before, the interaction of energetic 
proton beam with matter generates a relatively high 
density of heat. The heat generated in each layer by the 
energetic proton beam with kinetic energy E (MeV) and 
beam current I (μA) is expressed by the equation: 

(3)  q’’’ (watt) = E × I 

Conductive and convective heat transfer was modeled 
using the general heat transfer application as follows. 
The heat transfer by conduction is governed by the low 
of conservation of thermal energy for solids and incom-
pressible fluids as [1]: 

(4) 

where: ρ is the density (g·cm–3); c is the heat capacity 

Fig. 1. The existing solid target system in AMIRS: (a) target 
system and (b) an inclined plane target used for irradiation 
of solid materials.

Table 1. Important properties of copper and thallium 

Element Density 
(g · cm–3)

Melting point 
(°C) 

Thermal conductivity
(W · cm–1 · K–1) 

Specific heat 
(J · kg–1 · °C–1)

Copper   8.96 1083 4.03 384
Thallium 11.85   303 0.46 130

Fig. 2. The three layers of the thallium target.

''' ''' '''
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(J·cm–3·K–1); T is the temperature (K); k is the thermal 
conductivity (W·cm–1·K–1); q is the heat transfer (W·cm–2). 
The Fourier’s law for homogeneous continua is: 

(5)     q = –k ∇ T 

Inserting Eq. (5) into Eq. (4) gives: 

(6) 

where 

(7)        ψ = k / ρc 

A model of the target configuration is divided into 
a number of layers with small elements which are usually 
with a brick shape defined as nodes. The temperature 
at each node is then calculated, taking into account 
the thermal conductivity of material and the thermal 
boundary conditions (heat regions and cooled surface) 
imposed on the target. The encountered boundary condi-
tions in this system are: 
a) No heat flux (insulation) on the surface of thallium 

layer ((∂Ta/∂n) = 0 where ∂/∂n denotes differentiation 
along the normal of boundary). 

b) Heat flux at the interface of two continua (thal-
lium and copper) with different conductivities  
[kTl(∂Ta/∂n) = kCu(∂Tb1/∂n)]. 

c) Heat transfer of the copper backing to the cooling 
water by convection [–kCu(∂Tb2/∂n) = h (Ts – Twater)], 
where Ts and Twater are the surface temperature of 
the Cu backing and the cooling water temperature, 
respectively). 
Forced convective heat transfer boundary conditions 

were applied to the copper backing facing the cooling 
channel surfaces. Cooling was assumed to be uniform 
along the channels. The Dittius-Boelter formulation was 
used to calculate the convection coefficient by the Nus-
selt number (Nu = (hD/k)) as the ratio of convection 
heat transfer to conduction heat transfer [7, 11, 13]. 

(8)          Nu = 0.023 × Re0.8 × Pr0.4 

where Reynolds number (Re = (ρuD/μ)) represents the 
ratio of the inertial force of the fluid to the viscous forces 
of the fluid and the Prandtl number (Pr = (μC/k)) repre-
sents the ratio of the viscous properties of the fluid to the 
heat transfer properties. D and μ are hydraulic diameter 
(cm) and dynamic viscosity (cm2·s–1). This equation is 
valid for water in circular pipes with the turbulent range 
of 10 000 ≤ Re ≤ 160 000. However, this equation can 
be used in non-circular pipes using the proper hydraulic 
diameter [7]. The hydraulic diameter is given by: 

(9)  

Results and discussion 

The SolidWorks® 2010 was used to simulate the target by 
considering the basic model equations explained earlier. 
The simulator solves the governing equation with the 
finite volume (FV) method on a spatially rectangular 
computation mesh designed in the Cartesian coordina-
tion system. In this analysis, the different layers were 
modeled in steady state of the thermal responses of the 
target to the beam heating and cooling conditions. 

In this study, the thallium target was irradiated 
with proton beams at an angle of α = 6° on the Cu back-
ing plate (b = 1 mm). The kinetic energies of 28.5 MeV 
protons are lost as they pass through the target material. 
At this angle, basing on the results of SRIM code, the 
vertical depth needed to degrade 28.5 MeV protons to 
20 MeV in the thallium layer and degrading 20 MeV 
protons to 0 MeV in the copper backing was calculated 
to be a = 76 μm and b1 = 84 μm, respectively. The SRIM 
code calculates the stopping power and range of ions 
(10 eV – 2 GeV/amu) into matter using a full quantum 
mechanical treatment of ion-atom collisions [14]. The 
heat generated at the different layers was also estimated 
by SRIM code. Figure 3 shows the simulated stopping 
ranges for protons in the energy range of 10–30 MeV 
on thallium and copper. 

In this modeling, it was assumed that the cyclotron 
beam profile was uniform and has a diameter of 1 cm. 
Since the heat generation in each layer (Eq. (2)) is a 
function of the beam current, in each layer it was cal-
culated for different proton beam currents. The results 
are shown in Table 2. 

'''
2dT q

= T
dt c

ψ∇ +
ρ

4×(cross sectional area of flow)
wetted  perimeter

D =

Fig. 3. Projected range of proton on thallium and copper.

Table 2. Heat generation in different layers at different proton beam currents 

I (μA)

q’’’ (W)

Thallium 
(28.5–20 MeV)

Copper 1 
(20–0 MeV)

Total power deposited 
in the target

100   850 2000 2850
200 1700 4000 5700
250 2125 5000 7125
300 2550 6000 8550
350 2975 7000 9975
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The temperature of the thallium, copper and out-
let water at the different beam currents are listed in 
Table 3 where the cooling water temperature and flow 
rate are fixed on 293 K and 45 L/min, respectively. 

It can be seen in Fig. 4 that there is almost a linear 
relation between the maximum temperature on thallium 

and copper layers and beam currents in the range of 
100–350 μA. The maximum temperature at the thallium 
surface under the beam current of 350 μA is less than 
its melting point (577 K). 

The modeled temperature distribution on the layers 
of thallium and copper are shown in Fig. 5, where the 
target is irradiated with the 28.5 MeV proton beam at a 
current of 350 μA and a flow water rate of 45 L/min. 

It can be seen in Fig. 5 that the maximum tempera-
ture of the target is located at the middle of the target 
due to higher density of heat generation and it is still 
lower than the thallium melting point. Therefore, the 
existing cooling system has extra power to remove 
the generated heat and prevent melting of thallium. 

In this study, the maximum temperatures of thallium 
with the water flow rates of 10, 15, 25, 35 and 45 L/min 
at the fixed proton energy (28.5 MeV) and beam current 
(350 μA) were investigated. As shown in Fig. 6, thallium 
is melted if the flow rate is 10 L/min. The optimum 
water flow rate for irradiation of thallium target was, 
therefore, considered to be about 15 L/min. 

There is an interesting point in Fig. 6a where this is 
depicted. In this simulation, there is an inhomogeneous 
temperature distribution on the left side of the thallium 
layer. To explain this phenomenon, it is better to look at 
the simulated water velocity in the cooling channel of the 

Fig. 4. The maximum temperature on the thallium and cop-
per layers in the range of 100–350 μA of 28.5 MeV proton 
beam. 

Table 3. Maximum temperatures of thallium, copper and outlet water on different beam currents irradiation 

 I (μA)

T (K) 

Thallium Copper 1 Outlet cooling water

100 345 343 294
200 392 389 295
250 415 410 296
300 436 431 296
350 458 452 297

Fig. 5. Simulation results for the temperature distribution in (a) the target assemble, (b) the thallium and (c) the copper 
(Twater = 293 K). 
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target system (Fig. 7a). It can be found the water velocity 
is reduced quickly due to suddenly changed direction of 
water, while if this changed direction is happened at a 
more moderate angle, by considering a bending surface 
(r = 25 mm) on the inlet area, then the water velocity 

can be less decreased (Fig. 7b) and consequently the heat 
transfer coefficient will be higher in this area (see Eq. (7)). 
As shown in Fig. 8, the considered non homogeneous area 
has been weakened by this modification. 

As explained before, the forced convective heat 
transfer boundary conditions were applied on the cop-
per backing facing the cooling channel surfaces. The 
convection heat transfer (qconvection) may be increased 
by increasing: (i) the temperature difference between 
the wall and cooling water (ΔT); (ii) the heat transfer 
coefficient (h), or (iii) the heat transfer area (A) as 
shown in Eq. (10). 

Fig. 6. The modeled thallium temperature distribution with 
the cooling water (Twater = 293 K) at flow rates (a) 10 L/min 
(Re = 27 800), (b) 15 L/min (Re = 45 255), (c) 25 L/min (Re 
= 74 348), (d) 35 L/min (Re = 105 380) and (e) 45 L/min 
(Re = 140 938). 

Fig. 7. Simulation of water velocity in the cooling channel 
(a) with right angle inlet and (b) with moderately curved inlet 
(Twater = 293 K).

Fig. 8. The simulated temperature distribution in the thallium 
layer with cooling water at flow rate of 10 L/min when there 
is a bending surface in rear surface of copper plate (Twater = 
293 K).
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(10)                 qconvection = h · A · ΔT 

One of the objectives of this study was to improve 
the convective heat transfer by using the extended 
surfaces or fins. The copper backing with the straight 
fins (Fig. 9), one of the most common extended 
surfaces, was also modeled by using the simulator. The 
temperature distribution on thallium in this case with 
the water flow rates of 10, 15, 25, 35 and 45 L/min are 
shown in Fig. 10. 

It can be seen from these results that the maxi-
mum temperature of thallium on the target with fins 
and the water flow rate of 10 L/min is 463 K, whereas 
the maximum temperature of thallium on the target 
without fins is 583 K that is more than thallium melt-
ing point. Therefore, it can be concluded that within 
the same irradiation parameters, the target with fins 
needs cooling water at a lower flow rate to reach the 
same temperature. 

Conclusions 

Since the increasing of the beam current in an irradia-
tion process is resulting in a higher radionuclide pro-
duction and decreasing the irradiation time as a result, 
so there are always trials to irradiate a target with a 
maximum beam current. But, with increasing beam 
current the heat generated in the target is increased 
and the target temperature goes up. Therefore, one of 
the important issues in designing a targetry system is 
heat transfer and control of target temperature during 
irradiation. 

In this study, the basic equations were used for mod-
eling of heat transfer in a solid target for the produc-
tion of 201Tl by using a simulator of SolidWorks®2010. 
The thermal distributions have been simulated 
within the different practical parameters of irradiation 

of the target. From the results of this study it can be 
concluded that: 
1. With an increase of beam current, the maximum 

temperature of target increases linearly. The current 
can be increased up to 350 μA and cooling water 
flow rate be brought down to 15 L/min while the 

Fig. 9. The target copper backing with fins and its cross 
sectional dimensions. 

Fig. 10. The modeled thallium temperature distribution on 
the copper backing with straight fins in the cooling water (Twater 

= 293 K) at flow rates of (a) 10 L/min (Re = 21 335), (b) 
15 L/min (Re = 31 032), (c) 25 L/min (Re = 56 246), (d) 
35 L/min (Re = 77 580) and (e) 45 L/min (Re = 100 855). 
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temperature of the target is still under its melting 
point. 

2. The maximum temperature of target in fined-target 
system is less than the target system without fins. 

3. A slight curve in water flow direction in the inlet 
of cooling channel can help to increase the water 
velocity which would result in the temperature ho-
mogeneity of the target surface. 
By application of these results we can potentially 

expect almost doubled quantities of 201Tl in the same 
period of irradiation. 
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