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Abstract – Aluminum (Al) is often used to house a molybdenum oxide (MoO3) target for neutron or proton-
produced technetium-99m (99mTc) radioisotope. During neutron or proton bombardment of an Al body, residual 
radioisotopes could be generated following nuclear reactions between the incoming particles and the Al body. In this 
research, residual radioisotopes produced following nuclear reactor based-neutron irradiation of Al body were 
experimentally measured using a portable gamma ray spectroscopy system; whereas TALYS 2015 calculated data were 
used to evaluate various nuclear reactions for the by-product identification. As a comparison, Al body used in a 
cyclotron-based 99mTc production was also analyzed. Experimental data indicated that relatively long-lived 
radioisotopes such as 26Al, 22Na and 24Na were identified in the Al body following nuclear reactor-based 99mTc 
production, whereas the presence of 27Mg radioisotope was, for the first time, experimentally detected in both the Al 
bodies for nuclear reactor-based and cyclotron-based 99mTc production. A special safety attention should be paid to 
the radiation workers when producing 99mTc using a nuclear reactor since it generates 26Al (half-life = 716,600 years). 
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Introduction 

Technetium-99m is a radioisotope commonly used in nuclear medicine for diagnosis of cardiac-
related diseases (Lu et al 2015; de Haro-del Moral et al 2012), liver related cancers (Gates et al 2015; Conway 
et al 2013), breast cancers (Pinker et al 2011; Silov et al 2014) and prostate cancers (Hillier et al 2013; 
Vallabhajosula et al 2014). The gamma emitting radioisotope is produced via 99Mo(n,p)99Mo99mTc nuclear 
reaction by exposing molybdenum (Mo) target in neutron beams generated in a nuclear reactor (Pillai et al 
2013). In the target preparation, MoO3 target is encapsulated in an aluminum body and then it is placed in 
a target holder prior to neutron irradiation. During the irradiation, nuclear reactions are expected to occur 
between the neutrons and Mo target as well between the neutrons as Al capsule.  

Another relatively new method of producing 99mTc is using proton beams generated by cyclotrons, in 
which enriched Mo target (100Mo) is irradiated via 100Mo(p,2n)99mTc nuclear reaction. Similar to the nuclear-
reactor based 99mTc production, the latter method also employs Al body to house the enriched 100Mo 
target. Therefore, comprehensive theoretical and experimental studies on the residual radioisotopes 
generated during 99mTc production are of paramount importance since they correspond to the radiation 
worker’s safety concerns.  

Research on residual radionuclides generated during proton bombardment of enriched water target 
for 18F radionuclide production  has been carried out earlier (Kambali et al 2016) whereas radioactive by-
products have also been detected on a wall of a cyclotron (Kambali & Suryanto 2016). In case of Al target, 
recent theoretical studies suggested that long-lived 26Al and 24Na could be produced from fast neutrons-
irradiated Al target (Saran et al 2012). Using neutron activation analysis, Kinomura and coworkers 
(Kinomura et al 2002) also identified 24Na radioisotope which was presumably produced from neutron-
induced 27Al when a Ti-Al alloy was irradiated by fast neutrons. Similar investigation is, therefore, required 
to better understand the origin of residual radioactive sources and also as part of safety measures applied in 
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the neutron-based 99mTc routine production at the Gerrit Agustinus Siwabessy (G.A. Siwabessy) nuclear 
reactor in Indonesia as well as experimental proton-based 99mTc production using a cyclotron. 

In this investigation, possible nuclear reactions and residual radioisotopes produced when cold, 
thermal and fast neutrons in the energy range of 0 to 50 MeV hit Al capsule are studied from their nuclear 
cross-sections using the TALYS 2014 codes (Koning & Rochman 2012). Moreover, experimental data on 
residual radioisotopes generated from cyclotron-produced 99m Tc are compared with that of nuclear 
reactor-produced 99mTc.. 

Materials and Methods  

Direct Neutron Irradiation 

A locally made Al body was employed to encapsulate MoO3 target. The target was placed in the 
Central Irradiation Position (CIP) of the G.A. Siwabessy nuclear reactor in Serpong, Indonesia, and then 
directly irradiated with neutrons at a neutron flux of 1.12×1014 n.cm-2.s-1 for 5 days. The neutron 
irradiation procedure has been discussed elsewhere (Saptiama et al 2016). Once the irradiation was 
completed, the Al body was separated from the MoO3 target and cooled for 4 hours to allow short-lived 
residual radioisotopes to decay so that the radiation exposure would decrease to a relatively safer level. 
During the measurement, an exposure of 13 mSv was detected on the outer surface of the Al body at a 
distance of 1 m.  

Secondary Neutron Irradiation 

In the secondary neutron irradiation, an aluminum body was used as a target holder for cyclotron-
based 99mTc production via 100Mo(p,2n)99mTc nuclear reaction. An 11-MeV proton beam generated from a 
cyclotron was directed to a solid natural MoO3 target consisting of 9.63% atomic weight of Mo-100 during 
99mTc production. During the bombardment, the proton beam was kept at a constant current of 10 µA 
while the irradiation time was set to be 10 minutes. Secondary neutrons as a result of the 100Mo(p,2n)99mTc 
were expected to hit the aluminum holder; thus this routine would result in the production of residual 
radionuclides. The procedures for proton irradiation using an 11-MeV cyclotron have been previously 
discussed elsewhere (Kambali et al 2016). 

Gamma Ray Detection and Identification  

A portable gamma ray spectroscopy system consisting of a pocket MCA (Type MCA8000A) made by 
Amptek, USA with the serial number 2278 coupled to a NaI(Tl) detector was employed to identify the 
radioactive by-products present in the Al capsules. The energy calibration of the spectroscopy system was 
performed using 137Cs, 60Co and 241Am standard radioactive sources as discussed elsewhere (Kambali et al 
2016; Kambali & Suryanto 2016a; Kambali & Suryanto 2016b). The background-subtracted gamma ray 
spectrum of the Al capsules was then analyzed for samples irradiated using the G.A Siwabessy nuclear 
reactor and the 11-MeV cyclotron. 

Theoretical Calculations 

In this study, the TALYS nuclear model (Koning & Rochman 2012) was used to calculate nuclear 
cross-sections of the (n,γ), (n,α), (n,p), (n,2n), (n,nα), (n,d) and (n,2nα)  reactions for a broad range of 
neutron energies ranging from cold neutrons (0.00001 eV) to fast neutrons (of up to 200 MeV). The 
TALYS codes have been widely used elsewhere (Kambali 2014; Bakhtiari et al 2013). 

Results and Discussion 

Predicted Nuclear Reactions and Radioisotopes 

Nuclear reactions potentially occur when neutrons hit Al target and this can be predicted from their 
nuclear cross-sections. TALYS-calculated nuclear cross-sections of up to 150-MeV neutrons are shown in 
Fig. 1 which indicate that (n,α) and (n,p) nuclear reactions dominate at neutron energies between 1 and 20 
MeV, whereas (n,2n), (n,nα), (n,d) and (n,2nα) are significant at neutron energies over 20 MeV. In addition, 
(n,γ) nuclear reactions are of importance at thermal energy (Fig. 1, inset). While the maximum cross-
sections for (n,2nα) nuclear reaction is only 13.14 mbarn at neutron energy of 46 MeV, the rest of the 
nuclear reactions investigated here show nuclear cross-sections of greater than 60 mbarn at neutron 
energies of lower than 40 MeV.   
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Figure.1 TALYS calculated (n,γ), (n,α), (n,2n), (n,2nα), (n,d), (n,na), and (n,p) nuclear reactions of Al target 

Based on the above nuclear cross-sections, there are several radioactive isotopes potentially generated 
during neutron bombardment of an Al target, including 28Al which could be produced via 27Al(n,γ)28Al 
reaction, 26Al generated through 27Al(n,2n)26Al reaction, 22Na produced via 27Al(n,2nα)22Na reaction, 27Mg 
generated through 27Al(n,p)27Mg reaction, 24Na produced via 27Al(n,α)24Na reaction, and 30Si generated 
through 27Al(n,d)30Si reaction. In addition, stable isotope 23Na could also be generated via 27Al(n,nα)23Na 
reaction.   

Possible Particle Production 

During neutron irradiation of Al target, apart from secondary neutron production, some other 
particles such as protons, deuterons and alphas could also potentially be generated as can be seen from 
their nuclear cross-sections (Figure 2). Among the four particles, deuteron production is expected to have 
the lowest nuclear cross-section and production yield, whereas secondary neutron production has the 
highest nuclear cross-section and production yield.  In general, for incoming neutron energies over 30 
MeV, both nuclear cross-sections and production yields increase with increasing neutron energies. For 
neutron energies greater than 100 MeV, both secondary neutron and proton yields are greater than 1, 
whereas the yields of the other particles (deuterons and alphas) are lower than 1 as seen in Figure 2, inset.      

0 50 100 150 200
0

200

400

600

800

1000

1200

neutron energy (MeV)

n
u
c
le

a
r 

c
ro

s
s
-s

e
c
ti
o
n
 (

m
b
a
rn

)

0 100 200
0

1

2

3

4

p yield

total p

total 

total n
n yield

 yield

total d

d yield

 
Figure 2 Total cross-sections and production yields of  n, p, α and d particles in neutron-irradiated Al target 

calculated using TALYS codes. 

 

Production of secondary particles could result in generation of either radioactive or stable isotopes 
when the particles hit materials around them.  

1. Secondary alpha particle reactions with Al target 
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Based on TALYS 2015-calculated nuclear cross-sections, the most significantly possible reactions 
are (α,p) and (α,n) nuclear reactions which have maximum cross-sections of 287 and 207 mbarn at 
11 MeV alpha particles, respectively. The expected isotopes generated when alpha particles hit Al 
target are stable isotope 30Si as a result of 27Al(α,p)30Si nuclear reaction and radioisotope 30P due to 
27Al(α,n)30P reaction. As a positron (β+) emitter and with a half life of 4.298 minutes, 30P could be 
experimentally observable with an appropriate gamma ray detecting system. 

 

0 10 20 30 40 50
0

50

100

150

200

250

300

proton or alpha energy (MeV)

n
u

c
le

a
r 

c
ro

s
s
-s

e
c
ti
o

n
 (

m
b

a
rn

)

p,n

,p
,n

p,

 

Figure 3 Nuclear cross-sections of secondary α and p particle-induced Al target 

2. Secondary proton reactions with Al target 

Calculations using TALYS 2015 codes (Fig. 3) indicate that only (p,n) reaction is significant with 
a maximum nuclear cross-section of 81.2 mbarn at proton energy of 14 MeV, whereas for (p,2n) 
the maximum nuclear cross-section is just 1.53 mbarn at 35-MeV protons.  In this case, 27Si 
radionuclide – a β+ emitter with a half life of 4.160 seconds – could be produced via  27Al(p,n)27Si 
nuclear reaction, whereas 26Si radionuclide – also a β+ emitter with a half life of 2.234 seconds – 
could be generated via  27Al(p,2n)26Si nuclear reaction, though the latter radioactive yield maybe 
insignificant due to low cross-section and high threshold energy. 

3. Secondary deuteron reactions with Al target   

Again, based on TALIS 2015 calculated data (Fig. 4), there are several possible nuclear reactions 
should secondary deuterons hit Al target, including (d,p), (d,2p), (d,n), (d,2n) and (d,α) reactions. 
The maximum nuclear cross-sections for the aforementioned reactions vary depending on the 
incoming deuterons, with the highest cross-section of 285 mbarn for (d,n) reaction at 4 MeV-
deuterons. Two stable isotopes and 3 radioactive isotopes could be generated from these 
reactions, namely 28Si stable isotope created from 27Al(d,n)28Si reaction, 25Mg stable isotope 
produced via 27Al(d,α)25Mg reaction, 28Al radioisotope generated from 27Al(d,p)28Al reaction, 27Mg 
radioisotope as a result of 27Al(d,2p)27Mg reaction, and 27Si radioisotope due to  27Al(d,2n)27Si 
reaction. 
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Figure 4 Nuclear cross-sections of secondary d-particle-induced Al target 

To summarize, Table 1 presents all expectedly produced isotopes following neutron and proton 
irradiation of Al target. In addition, other secondary particles such as alpha and deuteron are also 
responsible for the creation of various radioactive and stable isotopes. The half lives of the radioisotopes 
vary from as short as 4.142 seconds to 716,600 years, while the emitted particles from the radioactive 
decays are mostly β+ particles, though other particles such as γ and β- could also be part of the decay 
modes. 

 

Table 1 Predicted secondary particles and their associated isotopes produced from primary neutron and 
proton interactions with Al target 

Secondary 
particle 

Isotope Half life Nuclear 
Reaction 

Remarks 

 

neutron 26Al 716,600 years 27Al(n,2n)26Al β+ emitter 
22Na 2.605 years 27Al(n,2nα)22Na β+ emitter 
27Mg 9.458 minutes 27Al(n,p)27Mg γ emitter 
24Na 14.959 hours 27Al(n,α)24Na γ emitter 
23Na - 27Al(n,nα)23Na stable 

alpha 30P 4.298 minutes 27Al(a,n)30P β+ emitter 
30Si - 27Al(a,p)30Si stable 
29P 4.142 seconds 27Al(a,2n)29P β+ emitter 

29Al 6.567 minutes 27Al(a,2p)29Al β- emitter 

proton 27Si 4.16 seconds 27Al(p,n)27Si β+ emitter 
26Si 2.234 seconds 27Al(p,2n)26Si β+ emitter 

deuteron 28Al 2.241 minutes 27Al(d,p)28Al β- emitter 
27Mg 9.458 minutes 27Al(d,2p)27Mg γ emitter 
28Si - 27Al(d,n)28Si stable 
27Si 4.160 seconds 27Al(d,2n)27Si β+ emitter 

25Mg - 27Al(d,a)25Mg stable 

Experimentally Identified Residual Radioisotopes 

Following neutron exposure of the Al capsule in the G.A. Siwabessy nuclear reactor, there are three 
pronounced peaks captured by the gamma ray spectroscopy system, at gamma energies of 0.511, 0.844 and 
1.368 MeV as can be seen in Fig. 5. The gamma energies of 0.844 MeV and 1.368 MeV clearly correspond 
to 27Mg and 24Na radioisotopes, respectively. Radioisotope 27Mg identified here, could be due to 
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27Al(n,p)27Mg and 27Al(d,2p)27Mg nuclear reactions, whereas 24Na is presumably as a result of 27Al(n,α)24Na 
nuclear reaction. On the other hand, the strong annihilation peak at 0.511 MeV could be due to β+ emitting 
radioisotopes such as 26Al from 27Al(n,2n)26Al reaction, and 22Na  from 27Al(n,2nα)22Na reaction. Since the 
observation was conducted 4 days after the Al irradiation in the nuclear reactor, it rules out any 
involvement of the other short-lived radioisotopes predicted in Table 1 to the strong 0.511 MeV 
annihilation peak.  
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Figure 5 Experimentally observed radioisotopes following Al exposures in the G.A. Siwabessy nuclear reactor 

and the Radioisotope Delivery System (RDS) 111 Cyclotron 

The observed 26Al and 22Na radioisotopes agree with the theoretical calculations previously predicted 
by Saran and co-workers (Saran et al 2012). Moreover, for the first time, our experimental investigation has 
detected 27Mg radioisotope which has not been reported elsewhere. It should also be noted that the 
presence of the very long lived 26Al residue (half life = 716,600 years) requires special concern regarding 
radiation worker’s safety when 99mTc is produced using a nuclear reactor.  

As shown in Fig. 5, for proton exposure of the Al body in the RDS 111 cyclotron, there is only a 
pronounced peak at 0.844 MeV observed experimentally. The 0.844 MeV peak belongs to 27Mg 
radioisotope, which is due to secondary neutron irradiation of the Al holder via 27Al(n,p)27Mg reaction. In 
other words, secondary neutrons dominate over the generated secondary particles during the proton 
bombardment of the Al body, whereas the other secondary particles such as protons, alphas and deuterons 
were insignificantly produced. In terms of radiation worker’s safety, 99mTc production using a proton-
accelerating cyclotron is safer than that of using a nuclear reactor since there are no 26Al or other long lived 
residues generated.   

Conclusions 

Theoretical and experimental investigation has been performed to analyze possible isotopes produced 
during primary neutron and proton irradiation of Al bodies used in 99mTc production. Various radioactive 
isotopes and some stable isotopes could be produced during the bombardment. Apart from the primary 
neutron and proton particles responsible for the creation of residual radioisotopes, there are also some 
other secondary particles such as alphas and deuterons, which could cause further radioactive and stable 
isotope production. The resulting radioisotopes have half-lives between 4.142 seconds and 716,600 years 
with emissions of mostly β+, γ, and β-. Experimental results indicate that there are four radioisotopes 
captured in the gamma ray spectroscopy system following irradiation of Al in the G.A. Siwabessy, namely 
27Mg, 24Na, 26Al, and 22Na, whereas only 27Mg is detected after irradiation of Al in the RDS 111 cyclotron. 
The presence of 26Al residue (half-life = 716,600 years) requires special concern regarding radiation 
worker’s safety when 99mTc is produced using a nuclear reactor.    
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