
78- ISSN 0216 - 3128 Imam Kambali, dkk

ON THE STUDY OF PROTON-IRRADIATED TELLURIUM
TARGETS RELEVANT FOR PRODUCTION OF MEDICAL
RADIOISOTOPES IODIUM-123 AND IODIUM-124

Imam Kambali, Hari Suryanto, Daya Agung Sarwono, Cahyana Amiruddin
Center for Radioisotope and Radiopharmaceutical Technology (PTRR), National Nuclear Energy Agency
(BATAN), Kawasan Puspiptek Serpong, Tangerang Selatan, Indonesia
E-mail: imamkey@batan.go.id

ABSTRACT

ON THE STUDY OF PROTON-IRRADIATED TELLURIUM TARGETS RELEVANT FOR
PRODUCTION OF MEDICAL RADIOISOTOPES IODlUM-123 AND IODIUM-124. The energy loss

distribution and range of energetic proton beams in tellurium (Te) target have been simulated using the

Stopping and Range of Ion in Matter (SRIM 2013) codes. The calculated data ot,the proton 's ran~e were then
used to determine the optimum thickness ofTe targets for future production of 231and 1241from I 3Te(p,n)123I,
124Te(p,n)1241 and 124Te(p,2n)1231 nuclear reactions using the BATAN's CS-30 cyclotron. It was found thatfor
an incidence angle ofrt with respect to the target normal, the optimum thickness of123Te and 124Te targets
for 1231production should be 644 Jim and 1.8 mm respectively, whereas a 649-Jlm thick /24Te target would be
requiredfor /241production. In addition, the thickness should be decreased with increasing incidence angle.
The EOB yield could theoretically reach up to 13.62 Ci of 1231at proton energy of 22 Me V and beam current
of 30 JlA if the 124Te is irradiated over a period of 3 hours. The theoretical EOB yield is comparable to the
experimental data with accuracy within 10%.

Keywords: energy loss, range, proton, Te targets, 1231and INI production, End-Of-Bombardment (EOB)
yield

ABSTRAK

KAJIAN TERHADAP IRADlSI TARGET TELLURIUM DENGAN BERKAS PROTON DAN
RELEVANSINYA UNTUK PRODUKSI RADIOISOTOP MEDlS IODIUM-I23 AND IODIUM-124.

Distribusi energi yang hilang dan jangkauan dari sejumlah berkas proton berenergi tinggi yang ditembakkan
ke dalam target tellurium (Te) telah disimulasikan menggunakan program Stopping and Range of Ion in
Matter (SRIM 2013). Basil data perhitungan jangkauan proton tersebut selanjutnya digunakan untuk
menentukan ketebalan optimum target Te untuk produksi radioisotop 1231dan 1241di masa yang akan datang
dari reaksi nuklir 123Te(p,n)1231, 124Te(p,nJ'24I and 124Te(p,2n)123I menggunakan siklotron jenis CS-30 milik

BATAN. Berdasarkan hasilj}erhitunEfan, untuk sudut tembakan rt (tegak lurus terhadap permukaan target),
ketebalan optimum target I 3Te dan 24Te untuk produksi 1231direkomendasikan masing-masing sebesar 640
Jim dan 1.8 mm, sedangkan 123Tesetebal649 Jim diperlukan untuk optimasi produksi radioisotop 1241.Secara

umum, tebal target Te harus dikurangi jika sudut tembakan Eroton diperbesar. Basil aktivasi di akhir
penembakan (EOB yield) diprediksi mencapai 13,62 Ci untuk 131 jika target INTe ditembak dengan proton
berenergi 22 MeV dan ams 30 fJA selama 3 jam. Basil perhitungan teori EOB yield mendekati data
eksperimen dengan akurasi yg tidak lebih dari 10%.

Kata Kunci : daya henti, jangkauan, berkas proton, target re, produksi radioisotop 1231dan 1241,End-Of
Bombardment (EOB) yield.

INTRODUCTION

Medical radioisotopes such as 1231 and 1241produced by proton irradiation have been
widely used and developed overseas for pre
therapeutic dosimetric studies or cancer diagnoses
[I,2J, whereas neutron-induced radioisotope 1311 is
suited for thyroid cancer therapy[3,4], especially due to
preferential uptake of iodine by thyroid. Radioisotope
1231decays by electron capture, which is immediately
followed by emission of gamma ray with a
predominant energy of 159 ke V at a half life of 13.22
hours. The gamma ray is primarily used for imaging

by means of Single Photon Emission Computed
Tomography (SPECT). In contrast, radionuclide 1241
is a f emitter with a half life of 4.18 days, which is
useful for Positron Emission Tomography (PET).

Both medical radioactive iodine 1231and 1241can

be produced by either direct or indirect methods.
Direct method of producing 1231 and 1241 uses a
relatively low energy (8 - 22 MeV) cyclotron [5] as a
proton accelerator in which the proton beam is then
irradiated into enriched or natural tellurium (Te)

targets. However producing the radioisotopes from
natural Te targets requires relatively higher proton
energy, yet it results in much lower radioactivity than
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(3)

those produced from enriched Te targets because of
their low cross-sections[6]. Other solid targets which
can also be prepared to produce 123(are enriched or
natural antimony (Sb) using 4He or 3He as incident
particles[7J. On the other hands, medium or high
energy cyclotron is required to produce 1231and 1241
by indirect method in which enriched or natural
xenon (Xe) targets are bombarded by proton beams
of up to 26 MeV[5J.

1200.

1000 t
\--- I/:'T.(p,n)mlll

~ J2"re(p,n)12.$, I
"2 -,""".~)'~~
1'1

1D 800
S 3" ~ 600"

j

~ 400
.. 0

<'3
200

00

.
5

2025303540

Fig. I TAL YS-Calculated excitation function of
proton-irradiated 123Te and 124Te targets
for 1231and 1241production [8J.

As can be seen from Fig. I, the calculated
cross-sections of proton-induced Te nuclear reactions
for 1231and 1241production depend strongly on the
incident proton beams. The excitation functions for
1231production from 123Tetarget (Fig. 1, plot I) and
for 1241production from 124Tetarget (Fig. I, plot 2)
are very similar, in which the maximum cross-section
occurs when the proton energy is around 12 MeV. In
contrast, much higher proton energy (up to 22 MeV)
is required to optimize the production of 1231from
124Te target (Fig. I, plot 3). The optimum cross
section for generating 1231from 124Tetarget is nearly
1,100 mbarn which is nearly 1.5 times of that for
producing the same radioisotope from 123Te target,
though they are comparable at proton energy between
13 and 14 MeV. Since the BATAN's CS-30

cyclotron is capable of accelerating proton beams of
up to 26.5 MeV, it is therefore possible to produce
both 1231and 1241 radioisotopes at their optimum
yields using the cyclotron.

, Another essential parameter to optimize the
yield of cyclotron-produced radionuclides apart from
the excitation function is the target thickness. Too
thin target would result in much lower-than-expected
yield whereas too thick target could cause problems
associated with radiochemical processes such as
dissolving the target to purify the radioisotopes. For
any target, the thickness can be determined by
evaluating the stopping power/energy loss and range
of protons in the target, which can be simulated using
the Stopping and Range of Ion in Matter (SRIM)

package [9J.In the SRIM codes, stopping power S(E)

is det1ned as the energy E required to slowing down
the incident particle during its interaction with matter
over a certain distance, and is given by (IOJ:

SeE) = - dE = 41fk5Z2e4n [In 2mc2fJ2 _ p2] (I)dx mc2fJ2 1(1-fJ2)

Where ko = 8,99 x 109N.m2.C2, z = atomic number, e

= charge of electron, n = number of electron per unit
volume of the target, m = mass of electron at rest, c =
speed of light in vacuum, fJ = ratio of the speed of the
incident particle to the speed of light, 1 = average
excitation energy of the target.

After losing energy and reaching a maximum
stopping power (called Bragg peak) due to nuclear
and electronic interactions, the incident particle will
eventually stop at a certain distance from the target
surface and leave some vacancies in the target. The
distance over which the ion totally stops is called the
total range R(E), which is mathematically expressed
as (IOJ:

(2)

For technical purposes, the projected range,
which is det1ned as the average distance a group of
particles travel into the target surface, is commonly
used.

Nuclear reaction is likely to happen when an
energetic particle such as a 10-MeV proton beam is
bombarded in Te target which eventually results in
some radioactive yield during and at the end of the
irradiation. The End-Of-Bombardment (EOB) yield
(Y) for any nuclear particle-produced radioisotope is
not only dependent on the nuclear cross-section at a
particular energy, u(E), but also on the stopping
power, d(E)/dx, and some other parameters as
described by (J IJ:

y = 0(1 - e-At) NA fEth [ U(E)] dEM lEi .!,d(E)
p' dx

Where ifJ is the number of charged particles per unit
of time, ), is the decay constant of the resulting
radioisotope, t is the duration of irradiation, NA is the
Avogadro number, p and M are the mass density and
atomic mass of the target respectively, Ej is the initial
energy of the incident particle, and E'h is the
threshold energy.

This paper reports on the use of the SRIM 2013
codes to discuss the stopping power/energy loss and
range of protons in Te targets and use the calculated
data to determine the optimum thickness of the Te
targets for 1231and 1241production. The dependence
of the range, and hence, the optimum target thickness
on the proton beam incidence angle is also examined.
In addition, the EOB yield associated with the
proton-irradiated Te targets is also discussed for
several irradiation parameters. The simulated results
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facilitate the comparison with the experimental data
obtained from the reference [I2J.

Table 1 Irradiation parameters employed in the
EOB yield calculations

THEORETICAL CALCULATIONS

Fig. 2. Proton beam and Te target set-up in the SRIM
calculations.

Calculations of End-Of-Bombardment

(EOB) Yields

The EOB Yields were theoretically calculated

using equation (3) for optimum 1231and 1241yields
from proton-irradiated 123Te and 124Te targets at a
number of proton beam current of up to 30 I!A (equal
to the maximum possible current the BA TAN's CS
30 cyclotron could generate). The first term (if» in
equation (3), for a proton beam as the incoming
particle, can be expressed as [13]:

Constant parameters Variable
parametersDecay constant of 1231,),,1-131 =

Beam current
8.74x I0·4/minute

= 1 - 30 IlA
Decay constant of 1241,AI.131 =

Irradiation
I .15x I 0·4/minute

time = 10 -
Ei for 123Te(p,n)123!= 12 MeV

180 minutes
Ei for 124Te(p,n)1241= 12 MeV Ei for 124Te(p,2n)1231= 22 MeVE1I1for 123Te(p,n)1231= 3 MeVEth for 124Te(p,n)1241= 4 MeVEth for 124Te(p,2n)1231= 11 MeVdE= 0.5 MeV

RESULTS AND DISCUSSION

Energy Loss and Range of Proton in Te

The energy loss as a function of the total
distance traveled by 5 - 50 MeV proton beams in
123Teand 124Tetargets (calculated using SRIM 2013
codes; equation (1)) is shown in Fig. 3(a) and Fig.
3(b), in which they exhibit a very similar behavior
over the energy range. In general, the energy loss
decreases with increasing proton energy, and that the
particle distribution in each target broadens at higher
energy. For the same proton incident energy, the
cnergy loss of the nuclear particle is slightly higher in
124Te compared with that of in 123Te, though the
difference stands at less than 3%.

The projected range is plotted as a function of
the proton incident energy for each elemental target
(inset, Fig. 3(a) and 3(b)) which conforms that proton
penetrates deeper into the material target as the
energy is increased, and that the range is inversely
proportional to the stopping power. A slight
difference in the projected range ofthe same incident
energy is noticeable, even though it is less than 1%.
For example, for proton energy of 50 MeV, the
projected range of the incoming proton beam in 123Te
and 124Te targets are 6.62 mm and 6.67 mm
respectively.

The dependence of proton range on the incident
angle in both elemental targets is shown in Fig. 4.
The range of a 12-MeV proton beam was evaluated
in 123Te target for proton incidence angle ranging
from 0° to 70° with respect to the target normal (Fig.
4(a)), whereas the same range of incidence angle was
simulated for a 22-MeV proton beam in 124Tetarget
(Fig. 4(b)). For both energetic proton beams
investigated in this report, the larger the incidence
angle, the broader the ion distribution in the target
and the shallower the penetration. Another
interestingly similar behavior is that the energy loss
drops with increasing incidence angle of up to 30°,

(4)(1) - 6.2SX 10"8- z I
Where Z is the charge of proton, and I is the beam
current.

The irradiation parameters used for the
calculations are given in Table I while the excitation
functions for the particular nuclear reactions were
based on the TAL YS-calculated data found in

reference [8]. The procedures for calculating the EOB
yield have been described elsewhere for 18F
production [13].

SRIM Calculations
The SRIM package employed in the simulations

was the SRIM 2013 version, in which proton beams
in the energy range between 5 MeV and 50 MeV
were incident in 123Te and 124Te targets, initially
normal to the targets surfaces. In order to study the
dependence of the proton beam range on the
incidence angle, the targets were theoretically
irradiated at several incidence angles ranging from 0°
to 70° relative to the targets surfaces as depicted in
Fig. 2, with nearly 100,000 protons simulated in the
calculations. The proton energy of 12 MeV and 22
MeV were chosen for the angle variation study in
123Te and 124Te targets respectively since the
maximum nuclear cross-sections occur at those

energy [8].
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but then it relatively levels off up to 450 followed by
a sudden increase as the incidence angle goes up
further.

Fig. 3 SRIM-calculated energy loss and range of
several energetic proton beams in (a) 123Te
and (b) 124Te relevant for 1231 and 1241
production respectively.

instance, at O°·incidence angle, the projected range
for the 12-MeV protons is 585 J.1min 123Te target,
while the projected range of the 22-MeV protons at
the same angle is 1.64 mm.

Recommended Te Target Thickness
The recommended Tellurium target thickness

may be determined from the projected range of the
particular proton beam in which it completely
dissipates its energy into the target surface and then
added by a 10% of its projected range to compensate
with the standard error since the accuracy of the
calculated range and stopping power is within 5 
10%[9]. When the Te target is irradiated at 0°
incidence angle with respect to target normal, the
optimum target thickness for producing 1231is 644
11m and 1804 11m from 123Te(p,n)123I and
124Te(p,2n)1231 nuclear reactions respectively,
whereas a target thickness of 649 11m is required for
generating 1231 from 124Te(p,n)124I reaction. A
complete list of the recommended thickness of
Tellurium targets for optimum 1231 and 1241
radioactivity yields bombarded at their optimum
proton energy is given in Table 2 which indicates
that, for the three investigated nuclear reactions, the
targets should be made thinner with larger incidence
angles.

Table 2 Recommended thickness of Tellurium targets
for optimum 1231and 1241radioactivity yields

Angle of
incidence

(degrees)
o
10
15
20
30
40

50
60
70

Te thickness m

Ep - 12 MeV; Ep - 12 MeV;
123Te(p,n)1231 114Te(p,n)1241
644 649
634 640
622 628
605 6II
557 563
493 498
413 418
321 323
220 222

Ep = 22 MeV;

I24Te(p,2n)1231
1804
1771

1731
1694
1562
1386
1155
90]
616

Fig. 4 SRIM-calculated energy loss and range of (a) a
12-MeV proton beam in 123Te target and
(b) a 22-MeV proton beam in 124Tetarget
at varied incidence angles.

As well, the projected range of both the 12
MeV and 22-MeV proton beams in Te targets
decreases very quickly as the incidence angle
increases, however their nominal projected range is
very different (inset, Fig. 4(a) and 4(b». For

The target system owned by PTRR-BATAN
allows irradiation in which the Te target is 15° tilted
and the corresponding Te target thickness is also
given in Table 2. It must be remembered that the Te
targets can be made thicker than the recommended

values in the Table 2 if the incoming proton energy
is higher than their respective optimum energy.
However the radioactivity yields will be saturated
after reaching their maximum values.

Predicted EOB Yields
It is widely known that for proton-produced

radioisotopes, the radioactivity yield depends on the
irradiation time and beam current as discussed by
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Fig. 5 Predicted EOB yields for 123Te(p,n)123I,
124Te(p,n)124I, and 124Te(p,2n)1231 nuclear
reactions at proton beam current of 1 ~IA,
I 0 ~A, 20 ~A and 30 ~A.

Comparisons with Experimental Results
A case study was done in order to verifY if the

EOB prediction was close enough to the
experimental results. The data were taken from the
experiments conducted by R. C. Barrall, et al [12] in
which they bombarded a 300-~m-electroplated
Tellurium target with 11.5 MeV and 15 MeV proton
beams at a current of 133 ~A for 2 hours. As shown
in Table 3, the calculated results are very close to the
experimental data with accuracy of 10% or less.
Nevertheless the calculated EOB yields in Table 3
are not the optimum yields they should have gotten.
Based on the SRIM simulation, with a 11.5-MeV
proton beam, the optimum target thickness should
have been 565 ~m to get a maximum EOB yield of
2.1 mCi/~A.hr, whereas at a proton beam of 15 MeV,
the optimum target thickness should have been 871
~m to get nearly 9.9 mCi/~A.hr. Therefore a huge

Suryanto, et al [13] for 18F production from
180(p,n)18F nuclear reaction. In the case of 1231and
1241production, the predicted EOB yields have been
theoretically calculated using equation (3) (with the
integration parameters are given in Table 1) for
123Te(p,n)1231, 124Te(p,n)1241 and 124Te(p,2n)1231
nuclear reactions as can be seen in Fig. 5, in which
the proton energy was set to be 12 MeV for
123Te(p,ni231 and 124Te(p,n)1241 reactions, and 24
MeV for 124Te(p,2n)1231reaction . As expected, in
general, the radioactivity yield increases with
increasing duration of irradiation and beam current
with 1231 from 124Te(p,2n)123y reaction yields the
highest radioactivity among the three since it has the
highest cross-section.

At a beam current of I ~A, the maximum EOB
yields for 123Te(p,n)123I, 124Te(p,n)1241 and
124Te(p,2n)1231 nuclear reactions after 3 hours
bombardment are 12.4 mCi, 87.2 mCi and 454 mCi
respectively. The yields are proportionally increased
by a factor of nearly 30 (up to 13,620 mCi) as the
beam currents are also increased to 30 ~A.
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fraction of the yields must have been lost due to
improper target thickness (too thin Te targets) in the
experiments.

Table 3 Comparison of experimental and calculated
EOB yields

Ep Ept(hrs)ThicknessEOB Yield (mCi/uA.hr)

(MeV)
(~A) (~m)ExperimentCalculation

fl4111.5

332300 1.01.1
is

332300 3.23.4

CONCLUSION

The stopping power and range of proton beams
in Te targets have been calculated using the SRIM
20] 3 package for a number of proton energy and
incidence angles to determine the optimum thickness
of Te targets for optimum radioactivity yields. The
calculated results indicate that for 123Te(p,ni231,
124Te(p,n)1241and 124Te(p,2n)1231 nuclear reactions,
the targets should be made thinner with larger
incidence angles. The calculated EOB yield could
reach up to 13.62 Ci of 1231at proton energy of 22
MeV, beam current of30 ~A if the 124Teis irradiated
over a period of3 hours. The theoretical EOB yield is
comparable to the experimental data with accuracy of
around 10% or better.
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Syarip

- Apakah selama ini sudah pemah diproduksi (1
123 dan I 124) di PTRR?

- Bisa untuk kebtuhan berapa rumah sakit 13,62 Ci
tersebut

- Berapa kira-kira biaya produksinya setiap 1 Ci
nya

Imam Kambali

- Be/um pernah. tapi kegiatan produksi 1-123 dan
1-124 sudah masuk da/am program
penelitianlroad map PTRR sampai tahun 2019

- Setiap satu pasien per/u sekitar 2 mCi untuk
diagnosa kanker, sehingga dengan 13,62 Ci
pihak rumah sakit bisa mendiagnosa sebanyak
68/0pasien

- Untuk biaya produksi per 1 Ci, kami be/um bisa
memperkirakan secara pasti.
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