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Cross sections and physical yields are presented for various Tb radionuclides formed in the bombardment 

of natGd with protons, from their respective thresholds up to 66 MeV. New measurements are compared 

with theoretical predictions by means of the geometry-dependent hybrid (GDH) model as implemented 

in the code ALICE/ASH, as well as with previous literature experimental data, where available. 

Based on the agreement between the experimental results and the theoretical predictions, integral 

thick-target yields are also derived for the 152Gd(p,n) 152Tb, 155Gd(p,n) 155Tb and 155Gd(p,4n) 152Tb reac- 

tions forming the medically important 152gTb (SPECT) and 155Tb (PET) radionuclides. 

   

 
  

 
 

1. Introduction 

 
It is well known that radiometal labeled macromolecules such 

as monoclonal antibodies and peptides have developed to the stage 
where they fulfil an important role in the detection and treatment 
of aggressive metastatic diseases because of their high specificity 
for malignant cell populations. The radioimmunotherapy agents 

Zevalin™ and Bexxar™ [1], as well as radiolabeled peptide prod- 
ucts like Octreoscan™ [2], are examples of these compounds that 
have already found widespread commercial use in the radiomedi- 
cal field. 

Several members of the lanthanide group are becoming increas- 
ingly important in the field of labeled compounds [3]. Radiolanth- 

anides with half-lives of several days which  are both useful in 
combination with  tumor  targeting  antibodies  due  to  their  low 
b   energies and that can be produced with high radionuclidic pur- 

ity, are quite rare. Only 143Pr (T1/2 = 13.6 d, Eb   ¼ 315 keV), 149Pm 
(T1/2 = 2.2 d,  Eb    ¼ 366 keV),  161Tb  (T1/2 = 6.9 d,  Eb    ¼ 155 keV), 
166Ho  (T1/2 = 1.1 d,  Eb    ¼ 711 keV)  and  177Lu  (T1/2 = 6.7 d,  Eb    ¼ 

133 keV) more or less match these criteria [4–6]. 
It has also been shown that the lanthanides can be readily 

bound to conjugate biomolecules of human serum albumin (HSA) 

[7,8]. The radionuclide pair 140Nd/140Pr, in particular, can be used 
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to combine radionuclide therapy and PET, since the longer-lived 
parent 140Nd (T1/2 = 3.37 d) is a pure Auger electron emitter while 

the short-lived daughter 140Pr (T1/2 = 3.4 min) is a positron emitter. 

A strong accumulation of HSA-DTPA labeled with the 140Nd/140Pr 
in vivo generator in Morris hepatomas in rats was reported [7], 
while the use of PET made it possible to follow the protein metab- 
olism of the tumours for several days. 

Amongst the lanthanides, terbium offers a set of radionuclides 
which are potentially suitable for diagnosis using SPECT (155Tb, 
T1/2 = 5.32 d) and PET (152Tb, T1/2 = 17.5 h). For targeted radionu- 

clide therapy, both 149Tb (T1/2 = 4.1 h) and 161Tb (T1/2 = 6.9 d) seem 

to be promising. Very few in vivo applications of Tb-radionuclides 

have been reported, particularly using 149,152,155,161Tb [9–13]. This 
paucity is mainly due to the lack of well established production 
methods. Allen and Blagojevic [11] already pointed out in 1996 
that 149Tb may be a good candidate for targeted radiotherapy be- 

cause of  its relatively low-energy  a-particle emissions. Unfortu- 
nately, its location is quite far from the line of stability, with no 
easily accessible production paths leading to its formation. Subse- 
quently, Beyer et al. [12] demonstrated direct evidence for single 
cancer cell kill using 149Tb-rituximab, the 149Tb obtained via spall- 
ation reactions by 1.4 GeV protons on a tantalum target in conjuc- 
tion with on-line isotope separation at the ISOLDE facility of CERN. 
The half-life, chemical properties and beta energy of 161Tb are sim- 

ilar to that of the already useful 177Lu [6]. Indeed, Lehenberger et al. 
[13] recently suggested 161Tb as an alternative for 177Lu due to the 
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fact that the former radionuclide also emits a significant amount 
of conversion and Auger electrons. A greater therapeutic effect 
may therefore be expected compared to 177Lu. These authors pro- 
duced 161Tb-DOTA-Tyr3-octreotate of similar quality and stability 

to 177Lu-DOTA-Tyr3-octreotate, employing the 160Gd(n,c)161 Gd? 
161Tb reaction on 98.2% enriched 160Gd in a reactor. 

Using low or medium energy particle accelerators, several nu- 
clear reactions can lead to the formation of the radioterbiums. A 

compilation of all light-ion-induced reactions (i.e. p, d, 3He and a 

particles) leading to the medically relevant 149,152,155,161Tb isotopes 
is presented in Tables 1 and 2. Taking into account the natural iso- 
topic composition of the target nucleus, as well as the threshold 
energies of the possible reactions, only a few processes seem to 
have any practical potential. 

The main aim of the present work was to investigate the pro- 

duction possibilities of 152gTb and 155Tb via proton-induced reac- 
tions on Gd targets. Besides the detailed experimental work that 
included the measurement of cross sections for the formation of 
151,152,153,154m,155,156,160Tb, theoretical calculations were also per- 
formed for all contributing reactions. 

The radionuclide 152gTb is a suitable candidate for PET studies as 
the 17% branching ratio for positron emission is reasonable and the 
mean positron energy of 1.1 MeV is quite acceptable. Only one pre- 
vious data set relevant to its production, however, could be found 

in the literature. Excitation functions for 152g+mTb together with 
154mTb and 154gTb were previously measured by Challan et al. up 
to 17 MeV [14]. 

Of the radioterbiums, 155Tb seems to be the most promising 
candidate for diagnostic imaging using SPECT. The gamma energies 
of 87 and 105 keV are ideal for most SPECT cameras. The relatively 
longer half-life of 5.3 d should allow slower metabolic processes to 
be followed successfully. Only thick target yields for natural targets 
have been reported previously by Dmitriev et al. [15]. 

The relative scarcity of data at medium energies on the forma- 
tion of the radioterbiums in proton-induced reactions on Gd 

prompted us to investigate natGd+p up to 66 MeV. As natural Gd 
has seven stable isotopes, one cannot reasonably expect it to be 
suitable as a target material for radionuclidically pure products. 
The objective was therefore not to investigate the usefulness of 
natGd as a production target material, but merely to employ it in 
our initial experimental investigation to identify the most useful 
reactions. This approach can only really be successful if good 
agreement between the measured data and theoretical calcula- 
tions can be obtained. If sufficiently good overall agreement for a 

 

 
Table 1 

Proton-induced reactions for the relevant Tb radionuclides. 
 

 

Reaction Q value (MeV) Natural isotopic abundancea (%) 
 

 

152Gd(p,4n)149Tb 28.21 0.20 
154Gd(p,6n)149Tb 43.36 2.18 
155Gd(p,7n)149Tb 49.80 14.80 
156Gd(p,8n)149Tb 58.33 20.47 
152Gd(p,n)152Tb 4.77 0.20 
154Gd(p,3n)152Tb 19.91 2.18 
155Gd(p,4n)152Tb 26.35 14.80 
156Gd(p,5n)152Tb 34.89 20.47 
157Gd(p,6n)152Tb 41.25 15.65 
158Gd(p,7n)152Tb 49.18 24.84 
160Gd(p,9n)152Tb 62.58 21.86 
154Gd(p,c)155Tb 4.83 2.18 

 
particular radionuclide formed in natGd+p has been obtained, one 
can with some measure of confidence employ the specific calcula- 
tions for the individual Gd target nuclei to make yield predictions 
for enriched targets. The rationale is that once the most suitable 
reactions have been identified, further experimental work on en- 
riched target materials would be required. As a point of departure 
for this approach, it was considered only necessary to obtain good 
shape agreement between the measured and the calculated excita- 
tion functions as an overall renormalisation would inter alia be 

permissible. 
We report here our measured excitation functions as well 

as the corresponding theoretical calculations for natGd- 

(p,x)151,152,153,154m,155,160Tb using the code ALICE/ASH [16]. Physical 
yield predictions for the following reactions are also reported: 
152Gd(p,n)152Tb, 155Gd(p,4n)152Tb and 155Gd (p,n)155Tb (assuming 
fully enriched targetry) as well as yields for several potential radi- 
onuclidic impurities. 

 

 
2. Experimental 

 
2.1. Irradiations 

 
The well-known stacked-foil activation technique was em- 

ployed to measure the excitation functions of radionuclides pro- 

duced in natGd+p from threshold up to 66 MeV. Three separate 
irradiations were performed, one at the separated-sector cyclotron 
facility of iThemba LABS in Faure, South Africa, and two at the AVF- 
930 isochronous cyclotron facility of the National Institute of 
Radiological Sciences (NIRS) in Chiba, Japan. The thicknesses of 
all the foils used in these experiments were accurately determined 
by weighing. 

At iThemba LABS, the stack consisted of high-purity Gd foils of 
25.2 mg/cm2thickness (99.9%, New Metals, UK) and groups of 
28.9 mg/cm2 thick Cu degrader foils (99.9%, Goodfellow, UK) as re- 
quired to obtain well spaced proton energies across the entire en- 

ergy region of  interest.  High-purity  Al  foils  of  3.24 mg/cm2 

thickness (99.999%, Goodfellow, UK) and Ti foils of 11.5 mg/cm2 

(99.999%, Goodfellow, UK) thickness were incorporated as monitor 
foils as an independent check on the accumulated proton charge 
and beam energy. The foil stack was bombarded in an accurately 
calibrated Faraday chamber mounted at the end of an external 
beam line. The details of this chamber have been published else- 
where [17]. The beam was collimated to a spot of 4 mm in diame- 
ter. The average beam current was 50 nA and the irradiation time 
was 3 h. The beam current and accumulated charge were mea- 
sured with a Brookhaven Instruments Corporation Model 1000C 
current integrator. The current and charge values were also logged 
in 1 s intervals to an analysis computer. As the Faraday chamber 
was evacuated to the same vacuum as the beam line, the first foil 
of the stack received the full extracted beam energy of nominally 
66.0 MeV. The beam energy was accurately measured using a cal- 

ibrated 90   bending magnet. 
At NIRS, the first stack (higher energy) consisted of 17 high-pur- 

ity Gd foils of 18.49 mg/cm2 thickness (99.9%, Goodfellow, UK) and 
groups of Co (99.9%, Goodfellow, UK) and Au (99.9%, Goodfellow, 
UK) degrader foils. The Co foils were used above 32 MeV and Au 
below  32 MeV.  The  thicknesses  of  the  Co  foils  varied  between 
235.85 and 239.41 mg/cm2 while the Au foils had a uniform thick- 

 

155 Gd(p,n)155
 Tb 1.61 14.80 ness of 100.69 mg/cm2. Ti foils of 4.58 mg/cm2 (99.999%, Goodfel- 

156Gd(p,2n)155Tb 10.14 20.47 
157Gd(p,3n)155Tb 16.50 15.65 
158Gd(p,4n)155Tb 24.44 24.84 
160Gd(p,6n)155Tb 37.83 21.86 
160Gd(p,c)161Tb 6.81 21.86 

low,  UK)  thickness  were  used  as  monitor  foils  to  accurately 
determine the accumulated proton charge. The second stack (lower 
energy) consisted of 9 high-purity Gd foils of which the first five 

were  18.49 mg/cm2   thick  (99.9%,  Goodfellow,  UK)  and  the  next 
   four were 6.8 mg/cm2  thick (99.9%, Goodfellow, UK) to suit the a  Taken from [18]. 

lower energy  part of the  stack.  Only Au  degrader  foils (99.9%, 
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Table 2 

Other light-ion induced reactions for the relevant Tb radionuclides. 

Particle Reaction Q value (MeV) Nat. abundancea (%) 

Deuteron 152Gd (d,5 n)149Tb 30.44 0.20 
154Gd (d,7n)149Tb 45.58 2.18 
155Gd (d,8n)149Tb 52.02 14.80 
156Gd (d,9n)149Tb 60.55 20.47 
157Gd (d,10n)149Tb 66.91 15.65 
158Gd (d,11n)149Tb 74.85 24.84 
152Gd (d,2n)152Tb 6.99 0.20 
154Gd (d,4n)152Tb 22.14 2.18 
155Gd (d,5n)152Tb 28.57 14.80 
156Gd (d,6n)152Tb 37.11 20.47 
157Gd (d,7n)152Tb 43.47 15.65 

 
2.3. Data analysis 

 
The cross sections of the observed activation products were cal- 

culated from their measured c-ray emissions using  decay  data 
from the online compilation of Firestone and Eckström [18]. The 

c-lines used to identify the nuclides of interest are listed in Table 3. 
The well-known activation formula was used in all these calcula- 
tions [19]. Corrections were made for decay losses during and after 
bombardment, as well as during counting Table 3. 

Even though the accumulated charge was directly measured in 
all the experiments by means of calibrated current integrators, the 

excitation  function  of  48V  extracted  from  the  Ti  monitor  foils 
158Gd (d,8n) 152Tb 51.41 24.84 served as a consistency check. The standard 48V excitation function 
160Gd (d,10n)152Tb 64.80 21.86 
154Gd (d,n)155Tb 2.61 2.18 
155Gd (d,2n)155Tb 3.83 14.80 
156Gd (d,3n)155Tb 12.37 20.47 
157Gd (d,4n)155Tb 18.73 15.65 
158Gd (d,5n)155Tb 26.66 24.84 
160Gd (d,7n)155Tb 40.06 21.86 
160Gd (d,n)161Tb 4.58 21.86 

Alpha 151Eu (a,6n)149Tb 49.17 47.81 
153Eu (a,8n)149Tb 64.02 52.19 151Eu (a,3n)152Tb 25.72 47.81 

data recommended by the IAEA [20] was used. The agreement with 
the recommended curve is excellent as can be seen in Fig. 1. For all 
the stacks, the beam flux measured by direct integration agreed to 
within 5% with the values determined from the monitor foils sets. 

Corrections for beam current losses due to nonelastic nuclear 
interactions were made according to the prescription and tables 
of Janni [21]. The computer code used to calculate the average pro- 
ton energy in each foil is based on the stopping power formulae of 
Anderson and Ziegler [22]. These values agree very well with the 

153Eu (a,5n) 152Tb 40.58 52.19 
newer compilation by Berger [23]. A number of independent 
checks at the higher energies were also performed using the Monte 

3He 151Eu (3He,5 n)149Tb 28.59 47.81 
153Eu (3He,10n)149Tb 43.45 52.19 
151Eu (3He,2n)152Tb 5.15 47.81 
153Eu (3He,4n)152Tb 20.00 52.19 
153Eu (3He,n)155Tb 4.74 52.19 

 
 

a  Taken from [18]. 

 
 

 
Goodfellow, UK) of 100.69 mg/cm2 were used in this stack. Ti foils 

of 14.08 mg/cm2 (99.999%, Goodfellow, UK) thickness were used as 
monitor foils to accurately determine the accumulated proton 
charge, in addition to independent measurement with an elec- 
tronic current integrator. Both stacks were irradiated at the end 
of an external beam line of the AVF-930 isochronous cyclotron. 
The beam spot was focussed to 4 mm in diameter. The calibrated 
Faraday chamber was separated from the beam line vacuum by 
an entrance window foil during both runs. The extracted beam 
energies were determined accurately by magnetic deflection. The 
beam energies were 70.2 and 30.1 MeV, respectively. Due to the 
presence of an entrance window, the nominal incident energies 
on the stacks had slightly degraded values of 66.7 and 29.4 MeV, 
respectively. The first irradiation lasted for 1.5 h at an average 
beam current of 50 nA. The second irradiation lasted for 3.8 h with 
an average beam current of 70 nA. 

 

 
2.2. Radionuclide assays 

 
After bombardment, the activated foils were repeatedly mea- 

sured individually by means of standard off-line c-ray spectrome- 

try. In all three experiments, accurately calibrated HPGe detectors 
were used. At iThemba LABS, the detector had a relative efficiency 
of 18% and a resolution of 1.8 keV FWHM at 1.33 MeV. The photo- 
peak areas were determined by means of the quantitative Canberra 
Genie 2000 analysis software in conjunction with a Canberra DSA 
1000 multi-channel analyser system. At NIRS, the detector had a 
relative efficiency of 30% and a resolution of 2.1 keV FWHM at 
1.33 MeV. The photo-peak areas were determined by means of 
quantitative analysis software (supplied by Laboratory Equipment, 

Japan). The efficiency curves for these detectors were determined 

Carlo code SRIM of Ziegler and Biersack [24] and found to be con- 

sistent with the proton energy values determined from the pub- 
lished stopping power tables. 

The total uncertainties in the measured cross sections were ob- 
tained by summing all the contributing uncertainties in quadrature 

and are expressed with a 1r (68%) confidence level. A variable 

component includes the uncertainty due to  counting  statistics 
and photo-peak integration as well as the uncertainty associated 
with the beam-loss correction. The latter  did  not  exceed  1.6%. 
The systematic uncertainty is estimated to be about 7%, including 
the uncertainty  in beam  current integration (3%),  detector effi- 
ciency (5%), counting geometry (1%), decay corrections (2%) and 
foil thickness (3%) [25]. The uncertainty in energy of each mea- 
sured data point was estimated from the uncertainty in incident 
beam energy, foil thickness and energy straggling in the stack. 

 

 
3. Theoretical calculations 

 
The ALICE/ASH calculations were performed using the recom- 

mended values  for  the  input  parameters according  to  the  com- 
 
 
 

Table 3 

Investigated Tb radionuclides and their decay properties used for experimental cross 

section determinations.a 
 

 

Nuclide 
 

 

151Tb 

 
152Tb 

 

 
153Tb 

154mTb 

155Tb 

156Tb 

 

 
160Tb 

1177.96 14.9 
in all cases by using standard calibrated c-ray sources tracable to    a  Taken from [18]. 
either the BIPM or NIST. 

Half-life Decay mode (%) c-Rays (keV) Intensity (%) 

17.609 h   þ b
þ: 100% 251.86 26.3 

  
287.35 28.3 

17.5 h   þ b
þ: 100 271.13 8.6 

  
344.27 65.0 

  
586.26 9.4 

2.3 d   þ b
þ: 100 212.00 31.0 

22.7 h   þ b
þ: 98.2 225.94 26.8 

 
IT: 1.8% 

  
5.32 d  : 100 180.10 7.45 

  
367.23 1.48 

5.35 d   þ b
þ: 100 199.21 40.9 

  
356.42 13.6 

  
534.32 66.6 

72.3 d b : 100 966.17 25.1 
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ments in the preamble to the code [16]. Level densities were calcu- 
lated according to the generalized superfluid model (GSM). The 
normal pairing shift was selected. Experimental nuclidic masses 
were used where available, else calculated using the built-in Myers 
and Swiatecki mass formula of the code. A level density parameter 
of a = A/9 and an initial energy bin size of 0.5 MeV were used. The 

evaporated particles included protons, neutrons, deuterons and a- 
particles. 

To avoid the known scatter in the high energy ‘‘tail’’ regions of 
some of the excitation functions, especially in the case of the (p,n) 
reactions, we adopted the practice of performing sets of calcula- 
tions, varying the energy bin size (parameter ED in the ALICE/ 

ASH code) from 0.4 to 0.6 MeV in steps of 0.01 MeV, followed by 
taking the arithmetic average over all sets. We have reported on 
this extensively in a previous paper [26]. 

Separate sets of calculations were performed for all the stable 

Gd isotopes as target nuclei. The excitation functions for natGd+p 
were obtained  by weighing all these  individual excitation func- 
tions with their respective natural abundances followed by 
summing. 

 
 

4. Results and discussion 

 
The measured cross sections for the production of the Tb radio- 

nuclides are presented in Table 4 as well as Figs. 2–7. All the cross- 
section values are for the direct production of the particular 

radionuclides. 
 

4.1. The natGd(p,xn)151Tb process 

 

Below 66 MeV, 151 Tb is formed by several nuclear reactions on 
natGd: 152Gd(p,2n), Q = 11.94 MeV; 154Gd(p,4 n), Q = 27.08 MeV; 
155Gd(p,5n),     Q =    33.52 MeV;     156Gd(p,6n),     Q =    42.05 MeV; 
157Gd(p,7n), Q =   48.41 MeV and 158Gd(p,8n), Q =   56.35 MeV. 

In addition to the ground state (T1/2 = 17.6h), one metastable 

state (T1/2 = 25s) is also populated during the activation. The meta- 

stable state decays rapidly to the ground state by internal transi- 
tion (IT). Due to the short half-live of the metastable state, only 

the cumulative ground state could be measured in these experi- 
ments. The results are presented in Fig. 2. The energies where cross 
section values are not presented are due to the following reasons. 
The region from 11.6 to 6.66 MeV falls below the calculated thresh- 

 

 

 
 

 

Fig. 1. Excitation functions for the production of 48V in the bombardment of Ti with 

protons. These measurements were used as a monitor for the energy and intensity 

of the proton beam. 

 
old for this reaction and between 28.1 and 31.5 MeV long counting 

times (beyond 2 the half-life of 151Tb) leads to 155Tb growing in 
and interfering with the measured peak. The excitation curve 
shows a peak at about 20 MeV (with a maximum of 2.5 mb) and in- 
creases continuously from about 30 MeV onwards. The maximum 
value is around 100 mb at 66 MeV. 

Fig. 2 also compares the experimental results with the ALICE/ 
ASH predictions. The calculation reproduces  satisfactorily  both 
the position of the peak of the excitation function curve and its 

magnitude. As far as we know, these are the first cross section data 
for this nuclear process reported in the literature. 

 
4.2. The natGd(p,xn)152Tb process 

 
Proton bombarment of natural Gd below 66 MeV opens six 

reaction   channels    that    form    152Tb,    namely    152Gd(p,n), 
Q =   4.77 MeV;    154Gd(p,3n),     Q =   19.91 MeV;     155Gd(p,4n), 

Q =   26.35 MeV;   156Gd(p,5n),    Q =   34.89 MeV;    157Gd(p,6n), 

Q =  41.25 MeV and 158Gd(p,7n), Q =  49.18 MeV. 
Just like the previous nuclear process, one relatively short-lived 

metastable state (T1/2 = 4.3m) is also populated during the irradia- 

tion and it  decays  mostly  to  the  ground  state  (T1/2 = 17.5h, 

IT = 79%). Taking into account our measuring set-up, we could only 

extract the excitation function of the ground state after the com- 
plete decay of the directly-formed m1 state. 

The new cross sections for the natGd(p,xn)152(0.79m+g)Tb process 
are presented in Fig. 3. The excitation function curve peaks around 
12 MeV (around 1 mb) and increases from 22 MeV onwards in the 
observed energy region (around 100 mb at 66 MeV). Searching the 
literature, however, only one author [14] was found who reported 
cross sections for this process up to 18 MeV. Their results are also 
shown in Fig. 3. Both the present data and the results of Challan 
et al. [14] show good agreement with the theoretical calculation. 
It should be noted, however, that beyond 30 MeV the ALICE/ASH 
results seem to be systematically lower than the experimental data 
but the disagreement is relatively small. 

 
4.3. The natGd(p,xn)153Tb process 

 
Below 66 MeV, 153Tb is formed by the following reactions on 

natGd: 152Gd(p,c), Q = 3.89 MeV; 154Gd(p,2n), Q = 11.25 MeV; 
155Gd(p,3n),     Q=  17.68 MeV;     156Gd(p,4n)     Q =   26.22 MeV; 
157Gd(p,5n)  Q =   32.58 MeV  and  158Gd(p,6n),  Q =   41.25 MeV. 

The contribution of the first reaction to the production of 153Tb is 
almost negligible. 

Looking at the decay mode, 153Tb is a very simple radioisotope. 
It has no prominent metastable states and thus only the ground 
state needs to be considered during the analysis. It has a half-life 

of 2.34 d and decays by EC (100%) to 153Gd. Prior to our study, no 

cross section data were reported in the literature for this process. 
Our measured values are presented in Fig. 4. The excitation func- 
tion curve increases over the investigated energy region up to 
66 MeV. No substantial peaks are observable. The maximum value 
is around 190 mb at about 42 MeV. 

Fig. 4 also compares the experimental results with the ALICE/ 
ASH predictions. The calculation satisfactorily reproduces the 
shape of the experimental excitation function curve but over-pre- 
dicts the cross section. Note that in Fig. 4 the theoretical curve has 
been renormalized to the experimental data to effect a better com- 
parison (normalization factor SF = 0.7). 

 
4.4. The natGd(p,xn)154Tb process 

 

Five nuclear reactions form 154Tb on natGd in the investigated 
energy      region:      154Gd(p,n),      Q =    4.33 MeV;      155Gd(p,2n), 



 
 

 
Table 4 

Measured cross sections for the production of the denoted radionuclides in the irradiation of natGd with protons. 
 

Energy (MeV) Cross sectiona (mb)  

 
151Tb 152Tb 153Tb 154mTb 155Tb 156Tb 160Tb 

6:63   0:99     ð4:52    0:51Þ  10þ1
 ð3:54   0:39Þ  10þ0

  

7:52   0:95  ð8:56   1:01Þ  10 2
   ð1:09   0:13Þ  10þ1

 ð1:80   0:20Þ  10þ1
  

8:34   0:92  ð3:25   0:39Þ  10 1
   ð2:71   0:30Þ  10þ1

 ð3:53    0:39Þ  10þ1
  

9:11   0:89  ð2:66   0:31Þ  10 1
   ð3:73    0:42Þ  10þ1

 ð4:93    0:54Þ  10þ1
  

11:60   0:79  ð6:92   0:77Þ  10 1
 ð4:97   0:55Þ  10 1

 ð3:06   0:34Þ  10 1
 ð1:00    0:14Þ  10þ2

 ð1:22    0:14Þ  10þ2
  

12:56   1:83 ð2:25   0:26Þ  10 1
 ð9:78   1:09Þ  10 1

 ð1:04   0:12Þ  10þ0
 ð3:31   0:37Þ  10 1

 ð5:90   0:65Þ  10þ1
 ð7:26    0:79Þ  10þ1

 ð9:10   0:99Þ  10þ0
 

13:86   0:70 ð5:93   0:65Þ  10 1
 ð4:40   0:04Þ  10 1

 ð5:26   0:58Þ  10þ0
 ð6:08   0:67Þ  10 1

 ð1:56    0:18Þ  10þ2
 ð1:42    0:16Þ  10þ2

   

16:39   1:70 ð1:19   0:13Þ  10þ0
 ð1:79   0:23Þ  10 1

 ð1:00   0:11Þ  10þ1
 ð4:87   0:56Þ  10þ0

 ð1:30   0:15Þ  10þ2
 ð1:23    0:14Þ  10þ2

 ð5:08   5:52Þ  10þ0
 

17:21   0:56 ð1:45   0:18Þ  10þ0
   ð1:46    0:16Þ  10þ1

 ð4:50   0:49Þ  10þ0
 ð1:96    0:22Þ  10þ2

 ð1:59    0:18Þ  10þ2
   

19:83   1:59 ð2:24   0:25Þ  10þ0
 

  ð2:10   0:23Þ  10þ1
 ð5:99   0:68Þ  10þ0

 ð1:84    0:21Þ  10þ2
 ð1:38    0:15Þ  10þ2

 ð4:35   0:48Þ  10þ0
 

22:90   1:49 ð2:12   0:23Þ  10þ0
 ð1:20   0:14Þ  10þ0

 ð6:41   0:70Þ  10þ1
 ð6:37   0:70Þ  10þ0

 ð2:34    0:26Þ  10þ2
 ð1:88    0:21Þ  10þ2

 ð3:95   0:43Þ  10þ0
 

23:90   0:29 ð1:40   0:16Þ  10þ0
 ð2:24   0:25Þ  10þ0

 ð8:79    0:96Þ  10þ1
 ð7:49   0:82Þ  10þ0

 ð2:41    0:27Þ  10þ2
 ð2:47    0:27Þ  10þ2

   

25:68   1:39 ð1:81   0:21Þ  10þ0
 ð9:43   1:03Þ  10þ0

 ð1:09   0:12Þ  10þ2
 ð8:82   0:97Þ  10þ0

 ð1:98    0:22Þ  10þ2
 ð2:32    0:26Þ  10þ2

 ð3:57   0:39Þ  10þ0
 

28:08   1:44     ð1:48    0:17Þ  10þ2
 ð1:51   0:17Þ  10þ1

 ð2:08   0:23Þ  10þ2
 ð2:17   0:24Þ  10þ0

   

29:22   1:28 ð9:41   1:01Þ  10 1
 ð1:58    0:18Þ  10þ1

 ð1:31    0:15Þ  10þ2
 ð1:23   0:14Þ  10þ1

 ð1:91    0:21Þ  10þ2
 ð2:28    0:25Þ  10þ2

 ð3:02   0:33Þ  10þ0
 

29:26   1:40     ð1:73    0:19Þ  10þ2
 ð1:71   0:19Þ  10þ1

 ð2:16    0:24Þ  10þ2
 ð1:91    0:21Þ  10þ2

 
  

29:41   0:14   ð1:42    0:16Þ  10þ1
 ð1:38    0:15Þ  10þ2

 ð8:80   0:97Þ  10þ0
 ð2:13    0:24Þ  10þ2

 ð2:40   0:27Þ  10þ2
   

30:38   1:37     ð1:65    0:18Þ  10þ2
 ð1:69   0:19Þ  10þ1

 ð2:42    0:27Þ  10þ2
 ð1:65    0:18Þ  10þ2

 
  

31:46   1:33     ð1:69    0:19Þ  10þ2
 ð1:81   0:20Þ  10þ1

 ð2:45    0:27Þ  10þ2
 ð1:48    0:16Þ  10þ2

   

32:51   0:30 ð2:19   0:25Þ  10þ0
 ð4:16    0:46Þ  10þ1

 ð1:49    0:17Þ  10þ2
 ð1:73   0:20Þ  10þ1

 ð2:20   0:24Þ  10þ2
 ð1:56    0:17Þ  10þ2

 ð2:76   0:30Þ  10þ0
 

35:36   1:30 ð7:02   0:79Þ  10þ0
 ð8:36    0:92Þ  10þ1

 ð1:71    0:19Þ  10þ2
 ð1:43   0:16Þ  10þ1

 ð2:37    0:26Þ  10þ2
 ð9:97   1:09Þ  10þ1

 
  

35:94   1:20 ð7:54   0:83Þ  10þ0
 ð8:69    0:95Þ  10þ1

 ð1:66    0:18Þ  10þ2
 ð1:53   0:17Þ  10þ1

 ð2:34    0:26Þ  10þ2
 ð9:06   0:99Þ  10þ1

 ð2:52   0:28Þ  10þ0
 

38:10   1:06 ð1:31    0:15Þ  10þ1
 ð9:58   1:04Þ  10þ1

 ð1:84   0:20Þ  10þ2
 ð1:49   0:17Þ  10þ1

 ð2:07   0:23Þ  10þ2
 ð1:18    0:13Þ  10þ2

 
  

39:20   1:11 ð1:38    0:15Þ  10þ1
 ð9:96   1:08Þ  10þ1

 ð1:78   0:20Þ  10þ2
 ð1:72   0:19Þ  10þ1

 ð2:24    0:25Þ  10þ2
 ð1:00   0:11Þ  10þ2

 ð2:26   0:25Þ  10þ0
 

40:73   0:95 ð2:65    0:29Þ  10þ1
 ð9:97   1:09Þ  10þ1

 ð1:97    0:22Þ  10þ2
 ð1:52   0:17Þ  10þ1

 ð1:78    0:19Þ  10þ2
 ð1:53    0:17Þ  10þ2

   

42:23   1:03 ð2:91    0:32Þ  10þ1
 ð1:10   0:13Þ  10þ2

 ð1:95    0:22Þ  10þ2
 ð1:55   0:17Þ  10þ1

 ð1:90   0:21Þ  10þ2
 ð1:43    0:16Þ  10þ2

 ð2:19   0:24Þ  10þ0
 

43:21   0:86 ð4:38    0:48Þ  10þ1
 ð1:02   0:12Þ  10þ2

 ð1:94    0:22Þ  10þ2
 ð1:80   0:20Þ  10þ1

 ð1:38    0:15Þ  10þ2
 ð1:63    0:18Þ  10þ2

   

45:12   0:95 ð4:89    0:54Þ  10þ1
 ð1:13    0:13Þ  10þ2

 ð1:86    0:21Þ  10þ2
 ð2:10   0:23Þ  10þ1

 ð1:44    0:16Þ  10þ2
 ð1:67    0:19Þ  10þ2

 ð2:06   0:23Þ  10þ0
 

45:56   0:77 ð5:37    0:59Þ  10þ1
 ð1:09   0:12Þ  10þ2

 ð1:64    0:18Þ  10þ2
 ð2:27   0:25Þ  10þ1

 ð9:88    1:08Þ  10þ2
 ð1:43    0:16Þ  10þ2

 
  

47:80   0:87 ð5:36    0:59Þ  10þ1
 ð1:04   0:12Þ  10þ2

 ð1:46    0:16Þ  10þ2
   ð9:43    1:03Þ  10þ1

 ð1:49    0:16Þ  10þ2
   

47:89   0:80 ð6:23    0:68Þ  10þ1
 ð1:26    0:14Þ  10þ2

 ð1:71    0:19Þ  10þ2
 ð1:70   0:19Þ  10þ1

 ð1:22    0:14Þ  10þ2
 ð1:61    0:18Þ  10þ2

 ð1:90   0:21Þ  10þ0
 

49:99   0:68 ð7:13    0:78Þ  10þ1
 ð1:35    0:15Þ  10þ2

 ð1:68    0:19Þ  10þ2
 ð2:12   0:23Þ  10þ1

 ð9:63    1:07Þ  10þ1
 ð1:43    0:16Þ  10þ2

   

51:23   0:73 ð7:15    0:78Þ  10þ1
 ð1:26    0:14Þ  10þ2

 ð1:60   0:18Þ  10þ2
 ð1:97   0:22Þ  10þ1

 ð1:27    0:14Þ  10þ2
 ð1:30   0:15Þ  10þ2

 ð1:87   0:21Þ  10þ0
 

52:11   0:59 ð7:76    0:85Þ  10þ1
 ð1:39    0:16Þ  10þ2

 ð1:85    0:21Þ  10þ2
 ð1:75   0:19Þ  10þ1

 ð9:89    1:09Þ  10þ1
 ð1:31    0:14Þ  10þ2

 
  

54:41   0:67 ð7:76    0:85Þ  10þ1
 ð1:33    0:15Þ  10þ2

 ð1:60   0:18Þ  10þ2
 ð1:36   0:15Þ  10þ1

 ð1:40   0:16Þ  10þ2
 ð1:00   0:11Þ  10þ2

 ð1:77   0:20Þ  10þ0
 

56:02   0:50 ð8:14    0:89Þ  10þ1
 ð1:23    0:14Þ  10þ2

 ð1:68    0:19Þ  10þ2
 

  ð1:46    0:16Þ  10þ2
 ð1:04   0:12Þ  10þ2

 
  

57:46   0:55 ð8:64    0:94Þ  10þ1
 ð1:23    0:14Þ  10þ2

 ð1:66    0:19Þ  10þ2
 ð1:39   0:16Þ  10þ1

 ð1:48    0:17Þ  10þ2
 ð8:16    0:89Þ  10þ1

 ð1:66   0:18Þ  10þ0
 

59:73   0:42 ð8:16    0:89Þ  10þ1
 ð1:25    0:14Þ  10þ2

 ð1:80   0:20Þ  10þ2
 ð1:18   0:13Þ  10þ1

 ð1:24    0:13Þ  10þ2
 ð8:56    0:93Þ  10þ1

   

60:38   0:45 ð9:17   1:01Þ  10þ1
 ð1:23    0:14Þ  10þ2

 ð1:66    0:18Þ  10þ2
 ð1:03   0:12Þ  10þ1

 ð1:44    0:16Þ  10þ2
 ð7:08   0:77Þ  10þ1

 ð1:66   0:19Þ  10þ0
 

63:20   0:36 ð9:65   1:05Þ  10þ1
 ð1:17    0:13Þ  10þ2

 ð1:55    0:17Þ  10þ2
 ð1:31   0:15Þ  10þ1

 ð1:29    0:14Þ  10þ2
 ð6:31    0:69Þ  10þ1

 ð1:62   0:18Þ  10þ0
 

63:26   0:32 ð9:97   1:09Þ  10þ1
 ð1:17    0:13Þ  10þ2

 ð1:54    0:17Þ  10þ2
         

65:93   0:36 ð9:34   1:02Þ  10þ1
 ð1:19    0:13Þ  10þ2

 ð1:37    0:15Þ  10þ2
 ð1:14   0:13Þ  10þ1

 ð1:21    0:12Þ  10þ2
 ð5:68    0:62Þ  10þ1

 ð1:51   0:17Þ  10þ0
 

66:68   0:30 ð8:60   0:94Þ  10þ1
 ð1:18    0:13Þ  10þ2

 ð1:36    0:15Þ  10þ2
 ð2:01   0:22Þ  10þ1

    
a   The error values listed include a systematic uncertainty, which is estimated to be 7% (see text). 
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Fig. 2. Excitation function for the production of 151Tb in the irradiation of natGd 

with protons. 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Fig. 4. Excitation function for the production of 

with protons. 
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Fig. 3. Excitation function for the production of 152Tb in the irradiation of natGd 

with protons. 

Fig. 5. Excitation function for the production of 154m2Tb in the irradiation of natGd 

with protons. Note the small values of the scale factors. The scale factor of the 

dashed curve (SF = 0.05) was adopted for 154m2Tb yield estimation purposes (see 

text). 

 
Q =   10.77 MeV;  156Gd(p,3n),  Q =   19.31 MeV;  157Gd(p,4n),  Q = 

 25.67 MeV and 158Gd(p,5n), Q =  33.60 MeV. 
Besides the ground state (T1/2 = 21.4h) two prominent metasta- 

ble states, usually denoted by m1 and m2, are also populated dur- 
ing the irradiation, having T1/2 of 9.4 and 22.7 h, respectively. The 

m1 state decays (EC = 78%) to 154Gd as well as feeding the ground 

state (IT = 22%) of 154Tb, while the m2 state decays predominantly 

(EC = 98%) to 154Gd. During this experiment, it was only possible to 

extract data for the m2 state. As with the preceding process, cross 
sections for this process are reported for the first time, to the best 
of our knowledge. The experimental results are shown in Fig. 5 to- 
gether with the results of the ALICE/ASH calculations. The ALICE/ 
ASH prediction seems to describe the shape of the data set fairly 
well, however, the large overprediction is expected as the calcula- 

tion is for 154Tb in total, i.e. a calculation for the particular metasta- 
ble state only is not possible with the particular code used. A scale 
factor of SF = 0.05 (the dashed curve in Fig. 5) was employed on the 

 
relevant ALICE/ASH predictions to estimate physical yields for 
154m2Tb. This will be discussed in more detail later. 

 

4.5. The natGd(p,xn)155Tb process 

 
Among the five possible nuclear reactions on natGd which form 

155Tb   (154Gd(p,c),   Q = 4.83 MeV;   155Gd(p,n),   Q =   1.61 MeV; 
156Gd(p,2n),  Q =   10.14 MeV;  157Gd(p,3n),  Q =   16.50 MeV  and 
158Gd(p,4n), Q = 24.44 MeV) only the last four contribute domi- 

nantly to its formation below 66 MeV. In this case, only the ground 
state (T1/2 = 5.3 d) has a significant half-life, making the cross sec- 

tion evaluation quite easy. 
New cross-section values for the natGd(p,x)155Tb process are 

shown in Fig. 6. The ALICE/ASH calculations reproduce the experi- 
mental results quite well. Two peaks are observed in the excitation 
function, at about 21 and 37 MeV, respectively. 
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4.7. The natGd(p,n)160Tb process 

 

Only the 160Gd(p,n)160Tb (Q = 0.89 MeV) nuclear reaction 
forms 160Tb. The ground state has a relatively long half-life of 
72.3 d while no metastable states have half-lives long enough to 
affect its population. 

In Fig. 8 we compare our new results with the published exper- 
imental data of Birattari et al. [27]. The present results are in excel- 

lent agreement with these literature values in the overlapping 
energy region. The ALICE/ASH prediction not only over-predicts 
the cross section maximum (by about 30%), but gives a different 
energy value for its position. The shift is about 2 MeV to the lower 
energy side. Note that in Fig. 8 the theoretical curve has been 
renormalized to the experimental data to effect a better compari- 
son (normalization factor SF = 0.7). 

 

4.8. Integral yield calculations 
 

 

 
Fig. 6. Excitation function for the production of 

with protons. 

 
155 

 
Tb in the irradiation of 

 
natGd 

Thick  target  yields  were  derived  for  the  152Gd(p,n)152Tb, 
155Gd(p,n)155Tb and 155Gd(p,4n)152Tb processes, utilizing the pre- 
dicted ALICE/ASH cross sections and assuming 100% enriched tar- 
gets. These results are shown in Figs. 9–11, respectively. 

In the case of 152Gd(p,n)152Tb, the (p,2n) reaction leading to the 
ground state of 151Tb will introduce a significant radiocontamina- 
tion above about 12 MeV (see Fig. 9), in particular as 151gTb and 
152 gTb have similar half lives. The energy window from threshold 
up to 12 MeV should provide a radionuclidically pure 152Tb prod- 

uct, with an  estimated  physical yield  of   about  49 MBq/lAh 

(1.3  mCi/lAh). 

Similarly, in the case of 155Gd(p,n)155Tb the (p,2n) reaction lead- 
ing to 154m2Tb, 154m1Tb and 154gTb will introduce significant radio- 
contamination above about 11 MeV (Fig. 10 shows 154m2Tb only). 
The energy window from threshold up to 11 MeV should provide 
a radionuclidically pure 155Tb product, with an estimated physical 

yield of about 5.6 MBq/lAh (0.15 mCi/lAh). 

In the case of 155Gd(p,4n)152Tb, several (p,xn) reactions will lead 
to significant radiocontamination, as shown in Fig. 11. This is, of 
course, not unexpected. Nevertheless, an energy window from 
threshold up to 66 MeV will provide a very large physical yield, 

estimated  to  exceed  1200 MBq/lAh  (32.43 mCi/lAh). 
By and large, the (p,n) reaction on enriched 152Gd and 155Gd tar- 

gets appears to be the most useful for 152Tb and 155Tb production, 
Fig. 7. Excitation function for the production of 156Tb in the irradiation of natGd 

with protons. 

 
4.6. The natGd(p,xn)156Tb process 

 

The activation of natGd with protons opens  five  reaction 
channels that produce 156Tb below 66 MeV: 155Gd(p,c), Q = 5.31 
MeV; 156Gd(p,n), Q = 3.23 MeV; 157Gd(p,2n), Q = 9.59 MeV; 
158Gd(p,3n),   Q =    17.52 MeV   and   160Gd(p,5n)   Q =    30.92 MeV. 
The contribution of the 155Gd(p,c) reaction to the formation of 
156Tb is almost negligible. 

Although two longer-lived metastable states (m1 and m2) are 
populated during the irradiation with T1/2 of 1.02 d and 5 h, respec- 

tively, both decay to the ground state (T1/2 = 5.4 d). In this work, we 

measured the ground state after sufficient time was allowed for the 
metastable states to completely decay. 

The experimental results are shown in Fig. 7, together with the 
results of the ALICE/ASH calculations. It is evident that the ALICE/ 
ASH calculations reproduce the experimental results quite well, 
however, it seems to over-predict the measured values by about 
25% beyond the onset part of the first peak. Based on these results, 

the excitation function curve clearly has three prominent peaks, at 
about 14, 25 and 44 MeV. 

 

 

 
 
 
 

 
        

 

 
 

Fig. 8. Excitation function for the production of 160Tb in the irradiation of natGd 

with protons. 
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Fig. 9. Calculated excitation function and corresponding physical yield for the 

production of 152Tb in the irradiation of 152Gd (assuming 100% enrichment) with 

protons. The estimated physical yield for the (p,2n) reaction is also shown as it 

constitutes the co-produced Tb radiocontaminant with the lowest threshold. 

 

 
 

 
 

Fig. 11. Calculated excitation function and corresponding physical yield for the 

production of 152Tb in the irradiation of 155Gd (assuming 100% enrichment) with 

protons. The estimated physical yield for the (p,xn) reaction is also shown as it 

constitutes the co-produced Tb radiocontaminant with the lowest thresholds. 

 

for producing 149Tb, magnetic isotope separation can, in principle, 
be used to collect the radionuclide of choice. However, it is hard to 
imagine large scale routine productions with this kind of technol- 
ogy – it is certainly not viable at the present time. It will therefore 

not   be   surprising   if   it   transpires   that   only   161Tb   (via   the 
160Gd(n,c)161Gd!161 Tb reaction) and 155Tb (via the 155Gd(p,n)155Tb 
reaction) prove to be commercially viable. 

As mentioned before, this study should be superseded by mea- 
surements on enriched Gd targets. Such an investigation is being 
planned. 
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Fig. 10. Calculated excitation function and corresponding physical yield for the 

production of 155Tb in the irradiation of 155Gd (assuming 100% enrichment) with 

protons. The estimated physical yield for the (p,2n) reaction is also shown as it 

constitutes the co-produced Tb radiocontaminant with the lowest threshold. 

 
 

respectively, and the estimated yields seem to be very reasonable 
for commercial production purposes. The low natural abundance 

of 152Gd(0.2%) is, of course, problematic but the much higher abun- 

dance of 155Gd(14.8%) should be sufficient for enrichment to a high 
level. 

 

 
5. Conclusion 

 
Measured cross sections for the production of several Tb radio- 

nuclides in natGd+p have been presented as well as corresponding 
calculations with the code ALICE/ASH. This information was used 

to make estimations of 152gTb and 155Tb physical yields. Clearly, 
radionuclidically pure productions will require the use  of  the 
(p,n) reaction only and highly enriched targets with careful selec- 
tion of the production energy window. This is a challenging region 
on the chart of the nuclides where nature is not very accommodat- 
ing towards large-scale accelerator production of Tb radionuclides 
via (p,xn) reactions. Reactions using other light ions do not seem to 
yield any real advantage. As with the spallation reaction utilised 
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