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4 ABSTRACT: 44gSc presents a particular interest for application in nuclear
5 medicine for positron emission tomography (PET) due to its favorable
6 nuclear decay properties (t1/2 = 3.97 h, Emax = 1.47 MeV, branching ratio
7 94.3% β+). Its nuclear isomer 44mSc (t1/2 = 58.61 h) decays by isomeric
8 transition (IT) into 44gSc, accompanied by ≈12% of conversion electron
9 emission, which can cause a partial release of the daughter 44gSc from the

10 chelate complex. A 13 MeV cyclotron at TRIUMF was used to produce both
11

44mSc and 44gSc via the natCa(p,n)44m,gSc reaction. A 44mSc/44gSc generator
12 was designed by using a Strata C-18E cartridge. After several tested systems,
13 a successful separation method was developed using DOTATOC as a
14 chelator, a Strata C-18E cartridge as a generator column, and an elution
15 solution of 0.1 M NH4-α-HIB. The yield of the generator with the daughter
16

44gSc release was equal to 9.8 ± 1.0% (or ≈80% per portion of conversion).
17 This result shows the important role of after-effects in the design of radionuclide generators. Nuclear cross-section calculations were
18 applied using the TALYS code to allow for the determination of the most promising alternative routes for 44mSc production, which
19 will enable the development of a full-scale 44mSc/44gSc radionuclide generator based on after-effects.

20 ■ INTRODUCTION
21 The separation of isomeric pairs has been studied since the late
22 1930s. Among the first isotopes under investigation were
23

127mTe, 129mTe, and 80mBr isomers.1−3 Later, in the 1950s, the
24 chemical separation of nuclear isomers (e.g., 58mCo, 104mRh,
25 and 114mIn) involved organic molecules, including chelating
26 agents.4−6 However, these works were mostly aimed at
27 qualitative detection and the prospect of isomeric separation
28 rather than quantitative evaluation. Indeed, the after-effects of
29 radioactive decay were the main principle for the separation, or
30 more precisely the emission, of conversion electrons, which
31 create a vacancy in the inner shells (K, L) followed by the
32 Auger process and other relaxation processes. The chemical
33 separation scheme for the aforementioned elements was
34 mainly based on covalent compounds formed with organic
35 molecules or basic chelators. After-effects typically lead to
36 bond rupture and the formation of new forms of the daughter
37 radionuclide, which are then separated from the organic
38 molecule of the parent radionuclide with negligible retention of
39 the daughter.
40 Later studies involving macrocyclic chelators (e.g., 1,4,7,10-
41 tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA))
42 which exhibit slow reaction kinetics allowed for the separation
43 of most metal ions.7−9 It should be noted that such separations
44 were carried out for acyclic chelators (e.g., DTPA) earlier as
45 well; however, their kinetics are not as slow as for macrocyclic
46 chelators, therefore leading to difficulties in the separation

47(except the radionuclides with short half-lives of less than 1
48min). Based on the principle of after-effects and DOTA-based
49chemical separations, the following generators were recently
50designed: the 177mLu(IT)/177gLu isomeric pair10,11 and the
51

140Nd(EC)/140Pr pair.12 In the latter case, a vacancy is created
52as a result of electron capture (EC).
53It should be noted that a detailed mechanism (at the micro
54level) of the initial complex disintegration caused by after-
55effects is still unknown. Moreover, the literature data on the
56formation mechanisms of the stable form of the daughter
57radionuclide are quite lacking. The aforementioned design of
58the generators describes the distribution of the daughter
59radionuclide forms over different phases, which allows for the
60determination of only the macro parameters. However, by
61choosing the specific chemical form of the parent radionuclide
62and setting appropriate conditions according to the macro
63parameters, such processes can be investigated at the micro
64level (such as in refs 10−12).
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65 Mossbauer spectroscopy is a useful technique for the
66 investigation of the after-effects in a homogeneous solid-
67 phase medium, while perturbed angular correlation (PAC) is
68 suitable for liquid-phase studies.13−15 The PAC technique
69 measures the hyperfine interaction between the electric and
70 magnetic moments of the nucleus and the external electric and
71 magnetic fields at the nuclear site and is sensitive to the local
72 environment of the probe nucleus.15−17 However, these two
73 methods allow for the study of “the fate” of the daughter
74 radionuclide no earlier than 1 ns after radioactive decay, and
75 the measured parameter is still a microparameter, although it
76 has a statistic “detached” ensemble. These two methods can
77 describe the distribution of the daughter radionuclides’ forms
78 after 1−10 ns after decay. After-decay processes cannot be
79 investigated by these methods (the Auger process takes 10−14

80 to 10−15 s followed by other relaxation processes). However,
81 the information can be extracted even after 1−10 ns after
82 decay in a homogeneous medium, which is valuable for the
83 comprehension of the appropriate models of after-effects at the
84 micro level. Moreover, there are a few other methods that can
85 be useful for the investigation of after-effects. For example,
86 microdosimetry can be applied for the detection of a single- or
87 double-strand breakage in DNA. A study was carried out using
88 [125I]-iododeoxyuridine with the Auger emitter 125I (125I-
89 UdR).18,19 However, on the micro level, these processes are
90 only described by the appropriate distribution of the DNA
91 breakage.
92 One of the main parameters which influences the after-
93 relaxation processes after the Auger process is the number of
94 emitted electrons in the cascade. Each of the shells involved in
95 this process roughly duplicates the number of electrons in the
96 cascade. Thus, the greater the Z-number of the element, the
97 more significant the destruction in the local environment of the
98 heavier element during the Auger process. Indeed, it is
99 expected that in the case of heavy elements, such a destruction
100 will lead to a rupture of the initial bonds. However, in the case
101 of the elements with low Z-numbers, such as Sc, a different
102 picture is observed. Studies by Huclier-Markai et al.
103 demonstrated a relatively low percent of 44gSc daughter release
104 in the 44mSc/44gSc system based on DOTA-[Tyr3]-octreotate
105 (DOTATATE)20 and Strata-X. It should be noted that such
106 generators are quite complex systems.21 Thus, the break-
107 through of the parent radionuclide should be negligible, and
108 the transformation of the daughter radionuclide into its parent
109 form should be avoided. Redistribution of the resulting metal
110 complex and its components between different phases is
111 difficult to control with regard to the kinetic parameters of the
112 system. Not taking into account any of the parameters can lead
113 to a wrong interpretation of the after-effect processes on the
114 micro level.
115 A prototype of the 44mSc/44gSc radionuclide generator
116 presented in this work is based on DOTA-[Tyr3]-octreotide
117 (DOTATOC). 44mSc (t1/2 = 58.61 h) decays 1.20% by EC or
118 β+ into 44Ca and 98.80% by isomeric transition (IT) into 44gSc

f1 119 (Figure 1), emitting a 271 keV γ ray accompanied by ≈12% of
120 conversion electron emission, which can cause a partial release
121 of the daughter 44gSc from the chelate complex. The
122 percentage of electrons produced via IT per decay is given

t1 123 in Table 1. The conversion electrons emitted during the decay
124 of 44mSc leave an opportunity for the design of a potential
125 generator. Moreover, it is a crucial task for a clear
126 understanding of the fundamental significance of after-effects

127and their role in the design of some radiopharmaceuticals (e.g.,
128in Auger therapy or in vivo generators).

129■ EXPERIMENTAL SECTION
130Chemical Reagents. All solvents and reagents were purchased
131from commercial suppliers (Sigma-Aldrich, Eichrom, ABX, etc.).
132Natural calcium turnings 99%, α-hydroxyisobutyric acid (α-HIBA),
133and the cation-exchange resin Dowex 50Wx8 (200−400 mesh) were
134purchased from Sigma-Aldrich. All solutions were prepared with 18.2
135MΩ cm deionized water. DOTATOC and DOTATATE were
136purchased from ABX, and DOTA was purchased from Macrocyclics.
137Ammonium α-hydroxyisobutyrate (NH4-α-HIB) was prepared by
138titration of α-HIBA with ammonium hydroxide (VWR) to pH = 4.8,
139controlled using a pH meter (Orion Star, Thermo Fisher Scientific).
140Strata-X and Strata C-18E cartridges were purchased from
141Phenomenex.
142Activity Measurements. A Canberra γ spectrometer with a high-
143purity germanium (HPGe) detector and Genie-2000 software,
144calibrated with 133Ba and 152Eu at a specific geometry, was used to
145control the activity of 44mSc and 44gSc. The cartridge and appropriate
146elutions were measured at the same distance from the source. The
147dead time was kept below 7%. A Capintec (Ramsey, NJ) CRC-15R
148dose calibrator (setting 938) was used to control the purification
149process. Radiochemical yields (RCYs) were determined via instant
150thin-layer chromatography (iTLC) measurements using an AR-2000
151TLC imaging scanner and subsequent analysis using WinScan V3_14
152software.
153Production of 44mSc and 44gSc. Irradiation of natural calcium
154with low-energy protons provides an opportunity to produce both
15544gSc and 44mSc. 44mSc/44gSc was produced via a natCa(p,n)44m,gSc
156reaction using a 13 MeV TRIUMF cyclotron (1 h irradiation, current
157beam of 10 μA). The further radiochemical separation was carried out
158using a two-step scheme with DGA resin (branched, 50−100 μm) and
159HCl solutions for the first stage and cation-exchange resin (Dowex
16050Wx8, 200−400 mesh) and an NH4-α-HIB solution for the second
161stage. The process was described in detail in ref 22. An RCY of the
162separation scheme applied was 95 ± 3%, which allowed further
163radiolabeling and a design of the generator without undesirable
164impurities.
165Radiolabeling. Stock solutions of DOTATATE (10−3 M) and
166DOTATOC (10−3 M) were prepared in deionized water and used

Figure 1. Decay scheme of 44mSc and 44gSc. During the 44mSc IT
mode, 88% decays by γ ray emission and 12% by internal conversion.

Table 1. Percentages and Energies of the Conversion
Electrons per Decay for 44mSca

electrons energy (keV) intensity (%)

ce K 266.748(10) 10.84
ce L 270.741(10) 1.077
ce M 271.241(10) 0.131
ce N 271.241(10) 0.006

aThe data indicate that 1.20% of 44mSc decays to 44Ca. The data are
extracted from the NuDat 3 database at Brookhaven National
Laboratory.
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167 directly for radiolabeling reactions. Radiolabeling studies were
168 performed by the addition of a [44m/44gSc]Sc3+ fraction (200 μL) to
169 solutions of DOTATOC (25 μL, 25 nmol) or DOTATATE (25 μL,
170 25 nmol) in 0.1 M NH4-α-HIB (pH = 4.8, 25 μL), for a total volume
171 of 250 μL (≈450 kBq of 44mSc). Radiolabeling reactions were heated
172 at 90 °C, and radiochemical yields (RCYs) were determined at 1 h via
173 iTLC using Si on Al TLC plates (Agilent Technologies) and Na
174 citrate (0.4 M, pH = 4.0) as the eluent. Under these conditions,
175

44mSc/44gSc-labeled DOTATOC/DOTATATE remains on the base-
176 line (Rf = 0.0−0.1) while the free activity migrates with the solvent
177 front (Rf = 0.9−1.0). Separate control reactions without any
178 bioconjugate present were used to monitor the formation of any
179 scandium hydroxo species, which would be observed at the baseline
180 (Rf = 0) and were not observed under the reaction conditions tested.
181 Generator Development. The generator column (Strata-X or
182 Strata C-18E) was preconditioned with EtOH and H2O. Afterward,
183 the reaction mixture containing 44mSc/44gSc-labeled DOTATOC/
184 DOTATATE (RCY ≈ 98−100%) was loaded onto the generator
185 column. The radiolabeled complex was retained on the column, while
186 free [44m/44gSc]Sc3+ was eluted using a 0.1 M NH4-α-HIB solution.
187 The next day, after an equilibrium between 44mSc and 44gSc was
188 achieved, the generator column was first analyzed via γ-spectrometry
189 and then eluted with 0.1 M NH4-α-HIB (1.5 mL) several times, and
190 fractions were analyzed within 5 min at the same geometry as the
191 generator column. The procedure was repeated daily until the
192 generator activity was negligible. The elutions were performed with
193 single-use syringes for ∼15 s, and the generator column was stored in
194 an 0.1 M NH4-α-HIB solution to prevent it from drying out.

195 ■ RESULTS AND DISCUSSION
196 Production of 44mSc and 44gSc. At the end of bombard-
197 ment (EOB), 100 ± 7 MBq of 44gSc and 0.61 ± 0.07 MBq of
198

44mSc were produced. Despite the relatively low yield of the
199 isomeric state of scandium, ∼500 kBq of 44mSc was produced

200at the end of separation (EOS), which was sufficient to design
201and test a 44mSc/44gSc generator.
202Radiolabeling with 44mSc/44gSc. The final fraction of
203[44m/44gSc]Sc3+ (∼450 kBq of 44mSc and ∼60 MBq of 44gSc) at
204EOS was used for radiolabeling with DOTATOC (2.5 nmol,
20510−4 M) or DOTATATE (2.5 nmol, 10−4 M) at pH = 5 (0.1

Figure 2. TLC chromatograms for 44mSc/44gSc with (a) DOTATOC, (b) DOTATATE, and (c) DOTA at a concentration of 10−4 M and a pH = 5
with a 0.1 M NH4-α-HIB medium (t = 90 °C for 1 h). An internal control (d) without the addition of a chelator was tested under the same
conditions.

Table 2. Yields of the Tested System with Strata-X (30 mg)
and DOTATATE (10−4 M)

elution 44gSc yield (%) 44mSc breakthrough (%)

1 0.95 0.10
2 3.24 0.21
3 0.55 0.03
4 0.44 0.02

Figure 3. Scheme of the 44mSc/44gSc generator (DOTATOC (10−4

M) and Strata C-18E (50 mg)).
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206M NH4-α-HIB) for 1 h at 90 °C. Reactions with the free
207chelate, DOTA (10−4 M), were also tested under the same
208conditions as an internal control. All TLC measurements were
209determined directly following each radiolabeling reaction, since
210a short delay time would allow for decay and the release of free
211

44gSc. Quantitative radiochemical yields for [44m/44gSc]Sc-
212DOTATATE and [44m/44gSc]Sc-DOTA were achieved, while
213reactions involving [44m/44gSc]Sc-DOTATOC were ∼98%
214 f2(Figure 2).
215Initial Design of the 44mSc/44gSc Generator. First, the
216following system was investigated: Strata-X (30 mg) with
217DOTATATE (2.5 nmol, 10−4 M). The Strata-X cartridge
218(preconditioned with EtOH and H2O) was washed with H2O
219and eluted using DTPA (10−5 M) daily. However, in this case,
220a release of the daughter 44gSc was no greater than 3%, with
221 t2less than 1% of the breakthrough of 44mSc (Table 2).
222This system did not work as a generator, since the release of
223the daughter was very low and not constant with every elution.
224The same result was achieved in the work by Huclier-Markai et
225al.20

226A second generator system using cation-exchange resin
227(Dowex 50Wx8, 200−400 mesh, 200 mg) and DOTATOC
228(2.5 nmol, 10−4 M) was tested. Potentially, this could be a
229more accessible system for the design of this radionuclide
230generator; however, in this case, a high breakthrough of 44mSc
231was observed (up to 3%).
232The aforementioned results showed that a more efficient
233system still needs to be found.
234Design of the 44mSc/44gSc Generator. The reaction of
235

44mSc/44gSc with DOTATOC (2.5 nmol, 10−4 M) was loaded
236onto a 50 mg Strata C-18E column (preconditioned with
237EtOH and H2O) and eluted with 0.1 M NH4-α-HIB (∼5 mL)
238to ensure free [44m/44gSc]Sc3+ was washed from the column.
239Afterward, the column was successively eluted with 0.1 M
240NH4-α-HIB (3−4 elutions of 1.5 mL) daily until the
241 f3radionuclide generator reached a negligible activity (Figure
242 f33). The activity of the cartridge before elution, the collected
243eluent, and the breakthrough of 44gSc were monitored via γ
244spectroscopy. The γ spectra of the initial cartridge and the first
245 f4and fifth elutions are depicted in Figure 4. The yields obtained
246from the 44mSc/44gSc generator and the breakthrough are
247 t3shown in Table 3. The uncertainty was below 5%, and the
248average yield of 44gSc was equal to 9.8%. In Table 3, the
249breakthrough of 44mSc reaches ∼3% in the first elution, which
250is likely caused by the residual DOTATOC complex being
251released, including the presence of colloidal particles in the
252system. Nevertheless, the breakthrough in each subsequent
253elution is much lower and reaches 0.03% at the fifth elution.
254As already noted, the influence of after-effects on the
255 f5stability of the chelate complexes is dependent on the Z-

Figure 4. γ spectra of (a) the cartridge, (b) the first elution with 0.1
NH4-α-HIB, and (c) the last/fifth elution. 1157 and 271 keV peaks
stand for the 44gSc and 44mSc γ lines, respectively, and the other peaks
are attributed to co-produced 47Sc and 48Sc γ lines. The peak at 389
keV corresponds to co-produced 87Y/87mSr, which is likely associated
with Sr impurity in the target material.

Table 3. Yields of 44gSc from the 44mSc/44gSc Generator
System (with 10−4 M DOTATOC and a Strata C-18E
Cartridge) and the Breakthrough of 44mSc (n = 3)a

elution 44gSc yield (%) 44mSc breakthrough (%)

1 10.5 3.0
2 10.5 0.5
3 9.7 0.15
4 9.3 0.2
5 8.8 0.03

aThe generator was eluted with 0.1 M NH4-α-HIB (V = 5 mL) each
day.
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f5 256 number of the daughter radionuclide (Figure 5). In the case of
257 [212Pb]Pb-DOTA, a full release (with respect to the portion of
258 internal conversion) of its daughter 212Bi was reported.23 The
259 authors gave a number of 36 ± 2% for the 212Bi release, while
260 the total conversion was 37.3%. The same case was recorded
261 for [152Eu]Eu-DTPA investigated by PAC; its daughter 152Sm
262 was fully released from the initial complex.15 Bhardwaj et al.
263 reported the design of a 177mLu/177gLu radionuclide generator
264 based on after-effects,10,24 with a yield of 95 ± 4%.10 A similar
265 case was noted with the 140Nd/140Pr pair, whereby the
266 daughter 140Pr was released from the initial complex with
267 DOTATOC with a 93 ± 5% release.12 By contrast, a study on

268
111In (EC, 100%) complexes with DTPA by PAC showed that

269only a partial release of its daughter 111Cd is observed, and
270≈50% of the complexes remained stable.13,14 The results of
271this study are a valuable supplement to the general trend where
272

44gSc has the lowest Z-number among the aforementioned
273radionuclides. Previously reported data on [44m/44gSc]Sc-
274DOTATATE showed a 1% yield for daughter release (≈8%
275per portion of conversion), which is in agreement with our
276data when DOTATATE and Strata-X were applied. More
277likely, the difference in yields of the generator between
278[44m/44gSc]Sc-DOTATOC and [44m/44gSc]Sc-DOTATATE
279(Figure 5) is related to the choice of the generator column.

Figure 5. The trend of the percent of the daughter release (*per the portion of conversion, in the cases of IT and β decay, or per the portion of EC)
depending on the Z-number of the daughter for 212Bi,23 177gLu,10 152Sm,15 166Ho,26 140Pr,12 111Cd,13−15 and 44gSc. The black curve includes the data
on 44gSc-DOTATOC shown in this work, and the red curve includes the data on 44gSc-DOTATATE reported by Huclier-Markai et al.,20 which are
in agreement with our data. **Refers to the present work.

Figure 6. Cross-section (mb) dependence on the incident energy of protons (GeV) via the natTi(p,2pxn)44mSc reaction.
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280 It is interesting to mention that the general trend in the
281 percentage of daughter release would be expected to increase
282 with increasing Z due to the additional number of Auger
283 electrons produced with a higher Z,25 which is shown by the
284 red curve (Figure 5). However, the results of the present study
285 with [44m/44gSc]Sc-DOTATOC suggest that chemical effects
286 and the lifetime of the excited state may have a more
287 significant influence on the initial complex disintegration
288 (black curve in Figure 5).
289 Alternative Production Routes for 44mSc. The present
290 study showed the concept for 44gSc and 44mSc nuclear isomers
291 separation. However, the 44mSc production yield is low and

292equal to 0.06 MBq/μAh, which leaves the practical
293applicability in question. Therefore, more promising produc-
294tion routes should be considered. We propose that the most
295attractive production routes are the following: natTi-
296(p,2pxn)44mSc, Ti(p,α)44mSc, 46Ti(d,α)44mSc, 42Ca(α,pn)44mSc,
297and 41K(α,n)44mSc. The cross sections for each reaction are
298 f6f7f8f9f10depicted in Figures 6, 7, 8, 9, and 10, respectively, using the
299TALYS code.27 Theoretical data on production yields for the
300aforementioned reactions as well as experimentally determined
301production yields for 42Ca(α,pn)44mSc, natK(α,n)44mSc, and
302 t4

44Ca(d,2n)44mSc are shown in Table 4.

Figure 7. Cross-section (mb) dependence on the incident energy of protons (MeV) via the 47Ti(p,α)44mSc reaction.

Figure 8. Cross-section (mb) dependence on the incident energy of deutrons (MeV) via the 46Ti(d,α)44mSc reaction.
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303 According to Table 4, the most promising reactions are 1, 4
304 (6), and 8 due to the high production yields. The reactions
305 using enriched targets (2−8) provide higher radionuclidic
306 purity. In these cases, the main contaminants are 43Sc (t1/2 =
307 3.89 h) and excess 44gSc, which would fully decay within 2
308 days. It should be mentioned that in reactions 2 and 3, the
309 long-lived 46Sc (t1/2 = 83.81 d) is produced, whereas in
310 reactions 4−8, the produced 46Sc is negligible. In the case of
311 reactions 5 and 7, the production yields of the desired 44mSc
312 are relatively low, which leaves these routes unsuitable for
313 route production. The natTi(p,2pxn)44mSc in reaction 1 enables
314 the highest production yield among the proposed reactions,
315 which along with the use of a natural target and 70 MeV

316protons, makes this route attractive. However, in this case, the
317main contaminant is 47Sc, which has a production yield higher
318than that of 44mSc and 46Sc (10% at EOB). Nevertheless, taking
319into account the cost-effectiveness of the target material, the
320high production yield, and the relatively soft γ line of 47Sc (150
321keV), this route can find applicability in a preclinical setting.

322■ CONCLUSION

323After numerous attempts to separate the 44mSc/44gSc nuclear
324isomers based on after-effects, a system consisting of Strata C-
32518E and DOTATOC resulted in the most effective approach
326to designing the 44mSc/44gSc radionuclide generator. A yield of

Figure 9. Cross-section (mb) dependence on the incident energy of α-particles (MeV) via the 42Ca(α,pn)44mSc reaction.

Figure 10. Cross-section (mb) dependence on the incident energy of α-particles (MeV) via the 41K(α,n)44mSc reaction.
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327 9.8 ± 1.0% was achieved for 44gSc, which is close to a
328 theoretical yield of ≈12%. The breakthrough of 44mSc
329 decreased from 3% in the first elution to 0.03% in the final
330 elution. This result not only showed the significant influence of
331 the after-effects on the initial chelate complex stability but also
332 is one of the only examples of the after-effects for radionuclides
333 with low Z-numbers (Z < 48). Thus, 44gSc is a valuable data
334 point in the overall trend of the influence of after-effects as it
335 helps to evaluate the after-effects in the low Z-number range.
336 Moreover, the production of the parent 44mSc would be
337 beneficial using other routes. For instance, natTi(p,2pxn)44mSc
338 using 70 MeV protons, 42Ca(α,pn)44mSc using a 40 MeV α-
339 beam, and 44Ca(d,2n)44mSc using 16 MeV deuterons seem the
340 most promising. This would provide an opportunity for
341 generator sources of 44gSc to enable transport and kit-labeling
342 synthesis in a medical facility.
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ABSTRACT: One of the key components of radiopharmaceuti-
cals for targeting imaging and therapy is a stable bifunctional
chelating system to attach radionuclides to selective delivery
systems. After-effects of radioactive decay can cause the release of a
radioactive isotope from its chelation agent. Perturbed angular
correlation (PAC) of γ-rays has become a unique technique to
study the behavior of complexes formed between a chelating agent
and radionuclide in vivo (in real time) over a relevant range of concentrations (10−12 M). In the present work, four radionuclides,
111In, 111mCd, and 152, 154Eu, were investigated with diethylenetriaminepentaacetic acid (DTPA) at different pH values to determine
the stability constants of the complexes as well as the effects of post-decay processes, which play a major role in determining the
suitability of these complexes for application as radiopharmaceuticals (e.g., in vivo generators). The study provides a convenient
parameter for the characterization of radionuclide−chelator systems using the PAC method. PAC is proven to be a suitable tool to
study novel chelators and radiopharmaceutical precursors attached to radiometals.

■ INTRODUCTION

Nowadays, radiopharmaceuticals for targeted imaging and
therapy are of frequent application. The radiopharmaceuticals
consist of the appropriate targeting vectors and chelators
labeled with a radionuclide. Today, the development of new
vectors and chelators is one of the main streams of nuclear
medicine. However, some of their crucially important
characteristics, such as thermodynamic (e.g., stability constant)
and kinetic parameters for complexes of new chelators with
radionuclides in relevantly low concentrations, are very
challenging to determine. This is mainly due to the low
concentrations of the radiometals and chelators. However, the
common methods of determination are thin layer chromatog-
raphy and high-performance liquid chromatography, in
addition to further animal studies.1,2 PAC is a useful technique
for these purposes, as is presented in a number of works.3−5

However, it has not become a routine technique, mainly due to
uncertainty concerning after-effects, the need for a convenient
parameter, and a relatively small choice of the radionuclides
suitable for PAC. The aim of the present work is to provide an
example of the application of PAC and its suitability for the
study of a chelator−radionuclide system. To prove the
sufficiency of this approach (introduction of a convenient
parameter), stability constants were determined and compared
with the literature data using the common chelating agent
DTPA.

111In (T1/2 = 2.8 d), as one of the common isotopes used in
nuclear medicine, is particularly suitable for single photon

emission computed tomography (SPECT)6,7 and for targeted
Auger therapy.8 At the same time, indium-111 is one of the
most suitable radionuclides for PAC spectroscopy.9 Moreover,
there are several other elements for which there exist multiple
isotopes, where some can be used in targeted imaging and
therapy, and others are suitable for PAC. The most attractive
example might be the lanthanides, which possess similar
chemical properties and are represented by several candidates
useful in targeted imaging and therapy (e.g., 177Lu (β−

therapy),10 152, 155, 149, 161Tb,11−14 and 165Er15) and also several
candidates suitable as PAC isotopes (e.g., 152, 154Eu16). All
properties of the selected probes for PAC measurements are
presented in Table 1 (see also Figure 1).
The γ−γ perturbed angular correlation technique is based on

the angular correlation between two γ-rays, which is perturbed
by the hyperfine interaction of the nuclear electric quadrupole
moment (Q) with the electric field gradient (EFG) or the
nuclear magnetic moment with an extranuclear magnetic field.
PAC gives information serving as a “fingerprint” of the local
structure.20−22 As the PAC can be used to measure changes in
the local environment of the nucleus, this technique can be
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useful for more detailed investigation of the radionuclides
attached to a ligand.5

It is known that electron capture (EC) decay creates a hole
in one of the inner shells (K, L), which moves toward the outer
shells due to Auger-electron and X-ray emissions.23 The Auger
cascade becomes a reason for the daughter to be left in a highly
ionized state, which may cause changes at the probe site, which
in turn would cause changes in the static and dynamic
characteristics of the electric field.24,25 These processes lead to
so-called “after-effects”, causing degradation of the complex.
After-effects can be described by a few models, i.e., via the (i)
fragmentation model, where an electric charge is distributed
over the molecule and dissociation occurs due to electrostatic
repulsion; (ii) exciton model, where energy of an atomic
particle in a molecule after decay is insufficient to cause the
breaking of a chemical bond, therefore causing its conversion

into exciton energy (vibrational excitation) which migrates
over the whole molecule (concentration of this exciton energy
on a “weak link” (the weakest bond) can lead to the
dissociation of the molecule); (iii) thermal wedge model,
where the energy emitted during radioactive decay is absorbed
by some volume around the daughter atom and the
temperature at this volume is increased, and as a result, the
molecules in this vicinity are dissociated; and (vi) auto-
radiolysis, where low-energy electron emissions and X-ray
photon emissions interact with a local environment of the
atom resulting in the production of reactive agents which
change the chemical environment of the daughter.19

The PAC method has a number of advantages which can be
applied in nuclear medicine, i.e., (i) the studying of the system
in any aggregated state; (ii) the noninvasive nature of the
measurement (for liquids); (iii) the applicability of small
activities of a radioisotope; (iv) the capability to measure
samples of low concentration (as low as 10−12 M); (v) the
capability to measure very small sample volumes; and (vi)
operation over a wide range of temperatures and pressures.21,26

154Eu and 152Eu are the other suitable candidates for PAC
(Table 1). They have half-lives of 8.6 and 13.5 years,
respectively, which are convenient for the long-term studies.
152Eu decays into 152Sm by EC and 154Eu undergoes β− decay
to excited levels of 154Gd. The cascade measured in the present
work is shown in Figure 2 by red lines with intermediate state
times of 1.396 and 1.184 ns for 152Eu and 154Eu,
respectively.18,27

In this work, the effects of decay via various modes (Auger
electron or β particle emission) on metal−chelator complexes
were studied with PAC spectroscopy using complexes of
DTPA with 111In, 111mCd, and 152,154Eu. From a practical point
of view, this study can help in the design of in vivo generators
(e.g., 44mSc/44gSc, 212Pb/212Bi, 140Nd/140Pr, etc.28−30) as well as

Table 1. Properties of the Selected PAC Probes17−19

intermediate state

parent daughter decay half-life γ−γ cascade (keV) A22 half-life (ns) spin quadrupole moment (barn)
111In 111Cd EC 2.8 d 171−245 −0.178 84.5 5/2+ +0.77
111mCd 111Cd IT 49 min 151−245 +0.160 84.5 5/2+ +0.77
152Eu 152Sm EC 13.5 y 1408−122 +0.225 1.396 2+ −1.67
154Eu 154Gd β− 8.6 y 1274−123 +0.251 1.184 2+ −1.82

a111In decays into 111Cd* (I = 7/2+) by EC (Figure 1), resulting in the well-known γ−γ cascade (171−245 keV) with an intermediate state half-life
of 84.5 ns and quadrupole moment of Q = +0.77 barn (Table 1), which is suitable for the hyperfine interaction measurements of the nucleus. The
(151−245 keV) γ−γ cascade of 111mCd goes through the same intermediate state (84.5 ns) via isomeric transition.18

Figure 1. Decay scheme of 111In and 111mCd.

Figure 2. Decay scheme of 152Eu and 154Eu. The energies are given in keV.
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in the development of a better understanding of the effects
occurring during and after Auger electrons emission.

■ EXPERIMENTAL SECTION
Materials. All experiments were performed with doubly distilled

water, hydrochloric acid (ultrapure grade) 20-4, GOST 14261-77
(State Standard, Russian Federation), perchloric acid (chemically
pure) TU 6-09-2878-84, sodium perchlorate monohydrate (pure) TU
6-09-3605-74 (Reahim, Russian Federation), and sodium hydroxide
(analytical grade, Himmed, Russian Federation). The resins used were
Dowex 50Wx8 cation-exchange resin (H+, 200−400 mesh, Fluka/
Sigma−Aldrich, Germany) and Dowex 50Wx12 (H+, 30−40 μm).
DTPA was purchased from Merck, Germany.
To analyze the radionuclides, an Ortec γ-ray spectrometer with an

HPGe detector and Samar software was used. The dead time of the
detector was always kept below 7%. The pH values were measured
using a pH meter with a semi-micro electrode (Thermo Fisher
Scientific, Inc.).
Production of Radionuclides. Production of 152Eu and 154Eu. A

mixture of stable isotopes 151Eu and 153Eu was irradiated in the
nuclear reactor (RIAR, Dimitrovgrad, Russian Federation) to produce
152Eu (T1/2 = 13.52 y) and 154Eu (T1/2 = 8.6 y). The mixture of the
isotopes obtained consisted of 151Eu, 152Eu, 153Eu, 154Eu, and 155Eu.
Afterward, the isotopes were mass-separated and implanted into an
aluminum foil. The radioisotopic purity of the samples was analyzed
using γ-spectroscopy. The contamination of 152Eu in 154Eu and 154Eu
in 152Eu was ≈0.5% after mass-separation.
Production of 111In and 111mCd. 111In was produced via the

reaction 109Ag(α,2n) → 111In by irradiation of a metallic silver target
with α-particles Ea = 30 MeV at the U-200 cyclotron (JINR, Dubna,
Russian Federation), according to the method described in ref 31.

111mCd was produced via an 111In/111mCd radionuclide generator
based on column extraction chromatography using di-2-ethyl-hexyl
hydrogen phosphate (HDEHP) as an extractant as described in detail
in ref 32.
Preparation of the PAC Samples. Samples for the PAC

measurements were prepared by dissolving 111In in HCl (pH = 3).
An aliquot of the solution was dried on a Teflon plate at room
temperature and taken up with 10−4 M DTPA in water, followed by
the addition of HClO4, NaClO4, NaOH, and water for ionic strength
adjustment. The concentration of 111In in the sample was estimated to
be 5 × 10−10 M.

111mCd was eluted from the generator with 0.2 M of HCl (1.5 mL)
and was loaded directly onto a small (50 × 1.25 mm) cation exchange
column (Dowex 50Wx8, 200−400 mesh). The column was washed
with 0.2 M HCl (0.5 mL) and Cd-111 was eluted with 1 M HCl (100
μL). The eluent was evaporated at 100 °C on a Teflon plate, and a
similar procedure as the above, described for indium-111, was applied.
An Eu-containing aluminum foil was dissolved in conc. HCl. The

purification of Eu consisted of double separation using a cation-
exchange resins Dowex 50Wx8 and Dowex 50 × 12 and HCl
solutions. The solution containing 152Eu/154Eu was evaporated on a
Teflon plate and taken up with DTPA solution of the same
concentration. The constant ionic strength (I = 0.5) of all the
samples was maintained by adding NaOH, NaClO4, and HCIO4.
The activity of 111In in each sample was no greater than 100 kBq,

whereas the activity of Eu samples varied from 50 to 70 kBq. The
volumes of these samples were both 500 μL. The volumes of Cd
samples were 150 μL, with activities ∼40 kBq. The samples were
measured by PAC over 10 h. The pH values were controlled after the
PAC measurements. The experiment was carried out at room
temperature (25 °C).
PAC Spectroscopy. The PAC spectra were collected using four

BaF2 detectors (50 × 50 mm) arranged with respect to each other at
angles of θ = 90° and 180° by counting coincidence N(θ, t), within a
resolution time of at 0.5 ns. The perturbation factor, also called the
time-dependent factor G22(t), describing a nuclear spin precession
due to a hyperfine interaction, was determined in the usual way from

the time-dependent angular anisotropy. It was obtained by combining
the delayed coincidence spectra, according to the expression:

= − [ ° − ° ]
[ ° + ° ]

= −R t
N t N t

N t N t
A G t Q( ) 2

(180 , ) (90 , )
(180 , ) 2 (90 , )

( )22 22 2 (1)

where Q2 ≈ 0.80 is the geometric correction factor and A22 is the the
anisotropy coefficient of the cascade.

The block diagram, operation procedure, and software of the PAC
spectrometer used in this study are as per ref 33.

In this work, the case of dynamic perturbance is expressed by two
equations, 2 and 3, given by34

= λ−G t( ) e (differential model)t
2

2 (2)

where the relaxation constant is expressed by λ2 = KωQ
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π
− ℏ( )I I

eQV2
4 (2 1)
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where τ is the lifetime of intermediate state.
The two chemical fractions observed can be expressed by two

exponentials (e.g., for 111In−DTPA spectra9):

= + −λ λ− −G t a a( ) e (1 )et t
2 1 1

2
(1)

2
(2)

(4)

Equation 4, with three independent parameters, is inconvenient to use
for describing the data of all isotopes. Moreover, eq 3 poorly describes
the 152,154Eu spectra, due to the short lifetime of the intermediate state
(1−2 ns). Thus, when the condition |λ2(1) − λ2

(2) | • t ≤ 1 is satisfied,
eq 5 can be applied to the spectra fitting of 111In, 111mCd, and both
154Eu and 152Eu:

≈ −G t( ) e L t
2

2 (5)

where L2 is a generalized integral-differential relaxation parameter. In
some cases, where one exponential is observed, L2 = λ2 (see Cd
TDPAC spectrum in Figure 3B). The dependence of G2(∞) and L2
on the correlation time τC, and therefore on the complex size (r3),
plays a major role in determining the species of the probes in liquids.

Fitting. The stability constant (K) of the complexes is determined
by the equation:

+ = = [ ]
[ ][ ]

+ − −
−

+ −K
M Y

M Y MY ,
MYn x n x

n x

n x (6)

where M is the metal ion, Y the ligand (DTPA), x = 5 due to DTPA
being a pentabasic acid, and n+ the oxidation number of each metal
ion.

The following calculations are presented according to the
consideration of both the complexed and free form of the metal
ion: MYn−x and Mn+. Then, the equation for the calculated PAC
parameter is

∞ = ∞ × + ∞ ×
+

+
−
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calc

2
M
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n

n
n x
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where G2
Mn+

and G2
MYn−x

are the PAC parameters for the metal ion form
and complex form, respectively; XMY

n−x is the mole fraction of the
metal complex; and XM

n+ is the mole fraction of the metal ion which is
determined by the equation:

= [ ]
[ ] + [ ]

+

+ −+X
M

M MY

n

n n xMn
(8)

As we use L2 as a generalized relaxation parameter, eq 7 can be
rewritten:

= × + ×
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Then, using eqs 6 and 8:
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For the DTPA ligand, the equation can be written:
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where CY is the ligand concentration, 10−4 M, and K1−K5 are the
protonation constants for DTPA, i.e., pK1 = 1.5, pK2 = 2.64, pK3 =
4.27, pK4 = 8.6, and pK5 = 10.58.35

Using the least-squares method, stability constants were found and
are presented in Tables 2 and 3.

■ RESULTS AND DISCUSSION
PAC Measurements of 111In and 111mCd Complexes.

The PAC samples were measured at different pH values, up to

pH = 5 (Figures 4A and 5A). The spectra for 111In and 111mCd
with DTPA at different pH values are presented in Figures 3A
and 3B and Figures S1−S5. Using eq 3 for the processing of
TDPAC spectra and eq 7 for fitting, the dependences for 111In
and 111mCd with DTPA were plotted. At low pH values,
indium exists in an aqueous form [In(H2O)x]

3+ (Figure 4A).36

The transition at pH (0.5∼1.5) corresponds to the complex
formation of [In(DTPA)]2−. Also observed is a small transition
at pH = 2, which may correspond to a transition between
111Cd* forms (between the complex with DTPA and the aqua
complex). The complex of Cd with DTPA at pH of lower than
2 is thermodynamically unstable. The initial physicochemical
transformations for 111In and 111mCd complexes over a range of
pH are schematically shown in Figures 4B and 5B.
Using literature data,35 the distribution diagram (Figure 6)

for Cd2+ complexes with DTPA was plotted. It is shown that at
low pH values, acidic complexes of cadmium form. The
experimental data on electrophoretic mobility of Cd (Figure
7), presented in ref 37, support this statement. Herein, we
assume the formation of [Cd(HDTPA)]2−.
The data in Figure 5A shows complex formation at pH ∼ 2.

Considering the facts described above, the stability constant of
[Cd(HDTPA)]2− was determined (Table 2) using both
models for processing TDPAC spectra. Unfortunately, the
PAC method applied in this work is unsuitable for the exact
determination of the species formed ([Cd(HDTPA)]2− or
[Cd(H2DTPA)]

−). More likely, it is the [Cd(HDTPA)]2−

complex which forms. The obtained value for the [Cd-
(HDTPA)]2− complex correlates well with that reported in the
literature.35

Using eq 5, with the L2 parameter, the TDPAC spectra were
processed. Afterward, the data obtained were fitted by eq 9 and
plotted in Figures 8 and 9.
The stability constants were determined using the least-

squares method and are shown in Table 2. The difference
between the values determined via the G2(∞) parameter (eq
3) and L2 is negligible. The uncertainty of the determined
stability constants was no greater than 10%.

Figure 3. TDPAC spectra of the 171−245 keV (A) and 151−245 keV
(B) γ-ray cascades in n.c.a. 111In and 111mCd, respectively, at
C(DTPA) = 10−4 M, ionic strength I = 0.5 (HClO4, NaClO4), pH
= 3. The fitting functions are shown by red curves using the L2
parameter.

Table 2. Experimental and Literature Data on the Stability
Constant of 111In and 111mCd Complexes with DTPA

log K

experimental data (present
work) processed

literature
data

isotope reaction
via G2(∞)
parameter

via L2
parameter

111In M + Y ↔ MY 28.90 28.20 28.4238

29.0039

111mCd M + Y ↔ MY 23.00 22.09 19.3039

M + HY ↔ MHY 13.78 13.70 12.63a35

aThe stability constant was recalculated in terms of different
interpretations of the reaction of complex formation used in present
work for [111mCd(HDTPA)2−].

Table 3. Experimental and Literature Data on the Stability
Constant of [154Eu(DTPA)]2− Complex

log K

reaction
experimental data processed via L2

parameter
literature
data

M + Y ↔ MY 23.26 23.1740

22.5039
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PAC Measurements of Eu Complexes. For radio-
nuclides 154Eu and 152Eu, graphs of the differential perturbed
factor were plotted (Figure 10 and Figures S6−S11) using eq
2.
For 152,154Eu complexes with DTPA, using the integral

model (eq 3) is not sensitive for processing the spectra, due to
the short lifetimes of intermediate states (Figure 2) of 1.396
and 1.184 ns for 152Eu and 154Eu, respectively. The resultant
dependency depicted in Figure 11A was obtained by using the
generalized parameter L2 (eq 5).
The transition at pH ∼ 1.5 in Figure 11A shows that 154Eu in

solution has at least two forms (Figure 11B), including the
154Eu−DTPA complex. Moreover, the 154Eu decay product
(β−)154Gd is not released from the complex. The values
obtained experimentally were compared with those found in
the literature (Table 3).
The 152Eu complex with DTPA should form at the same pH

as the 154Eu−DTPA complex. The dashed line in Figure 12A

Figure 4. (A) TDPAC parameter versus pH values for In−DTPA
complexes at C(DTPA) = 10−4 M, ionic strength I = 0.5 (HClO4,
NaClO4). (B) The hypothetical route of transformations between the
initial physicochemical forms of the mother−daughter pair
(111In/111Cd), where 111Cd* denotes the excited levels (I = 7/2+
and/or 5/2+).

Figure 5. (A) TDPAC parameter versus pH values for Cd−DTPA
complexes at C(DTPA) = 10−4 M, ionic strength I = 0.5 (HClO4,
NaClO4). (B) The hypothetical route of transformations between
initial physicochemical forms of the mother−daughter pair
(111mCd/111Cd) is shown, where 111Cd* denotes the excited level (I
= 5/2+).

Figure 6. Distribution diagram of Cd2+ complexes with C(DTPA) =
10−4 M versus pH values.
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was drawn to show that the pH value corresponded to complex
formation. However, in the case of 152Eu, determination of the
stability constant becomes difficult, i.e., the daughter 152Eu-

(EC)152Sm leaves the DTPA molecule due to after-effects
(Figure 12B). Since Sm is released from the complex, the
chemical environment does not cause the former perturbed
angular correlation. It is possible that 152Sm reforms a complex
with DTPA after initial decomplexation. However, we can
definitely assume that this does not happen during the
measurement time ≈5 ns. There is a possibility that after-
effects lead to the fragmentation of the molecule.

Mechanism of Post-decay Processes. On the one hand,
as the atomic number of indium is 49 and that of europium is
63, a total disintegration of the 152Eu−DTPA complex can be
caused by the majority of the Auger electrons resulting from
one of four mechanisms entailed in the post-decay processes
described in the Introduction. On the other hand, another
mechanism can be postulated in order to describe the release
of Sm from the complex, namely, the relaxation of electron
shells. As the electronic shells comprising the xenon core
[Kr]4d105s25p6 are first filled, more peripheral electrons are
shielded by the filling of Sm the valence electronic f-shells
(Figure S12, plotted using ref 41). This may cause an increase
in the time spent in high energy shells. Relatively continuous
(≫10−12 s) being of electrons at the excited state (in the

Figure 7. Electrophoretic mobility dependence on pH values for 111In
and 111mCd complexes at C(DTPA) = 3 × 10−5 M, ionic strength I =
0.1. Reproduced from ref 37 with permission.

Figure 8. L2 dependence on the pH value for 111mCd−HDTPA
solution at ionic strength I = 0.5 (HClO4, NaClO4), C(DTPA) = 10−4

M.

Figure 9. L2 dependence on the pH value for 111In−DTPA solution at
ionic strength I = 0.5 (HClO4, NaClO4), C(DTPA) = 10−4 M.

Figure 10. (A) TDPAC spectra for 154Eu and (B) for 152Eu at
C(DTPA) = 10−4 M, ionic strength I = 0.5 (HClO4, NaClO4, NaOH)
with pH = 3. The fitting functions are shown by red curves using the
L2 parameter.
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remote shell) can cause complex disintegration. A shielding of
the f-shell in lanthanides is usually taken into account when
describing its luminescent properties.42

However, for 111In−DTPA, despite the after-effect processes,
only part of the complexes disintegrates. This makes it possible
to determine their stability constant. Figure S13 shows that for
the daughter Cd there is no shielding effect as for Sm. In the
case of 152Eu, there is total disintegration of the complexes with
DTPA, due to post-decay processes via the fifth mechanism
described above. This thus makes for considerable difficulty in

determining the stability constant. An additional example of
one such case is that of 140Nd(EC)140Pr coupled with DOTA,
for which there is total complex disintegration as well.29

■ CONCLUSION
An investigation into the hyperfine interactions of the decays
of 111In, 111mCd, 154Eu, and 152Eu in aqueous solution with
DTPA over a wide range of pH values was performed.
Suggested in the present work, the hyperfine interactions
parameter L2 and an integral parameter G2(∞) of perturbed
angular correlation are appropriate for stability constant
determination. In the case of PAC isotopes with short-lived
intermediate states (∼1−2 ns), the L2 parameter effectively

Figure 11. (A) L2 dependence on the pH value for 154Eu−DTPA
complexes at ionic strength I = 0.5 (HClO4, NaClO4, NaOH),
C(DTPA) = 10−4 M. (B) The hypothetical route of transformations
between initial physicochemical forms of the mother−daughter pair
154Eu/154Gd is shown, where 154Gd* denotes the excited levels (I =
2−, 1398 keV, and/or I = 2+, 123 keV).

Figure 12. (A) L2 dependence on the pH value for 152Eu−DTPA
complexes at ionic strength I = 0.5 (HClO4, NaClO4, NaOH),
C(DTPA) = 10−4 M. (B) The hypothetical route of transformations
between initial physicochemical forms of the mother−daughter pair
152Eu/152Sm is shown. 154Gd* denotes the excited levels (I = 2−, 1530
keV, and/or I = 2+, 122 keV).
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becomes the only one suitable for the investigation of the
distribution of a given radionuclide over the physicochemical
species in the solution. The stability constants determined in
this work by the L2 generalized parameter correlate well with
literature data, which proves the sufficiency of the method.
This approach used can be applied for the study of radiometals
in low concentrations (up to 10−12 M) attached to novel
chelators (radiopharmaceuticals) for purposes of nuclear
medicine.
This work presents the influence of after-effects on stability

of the isotope−chelator system. In the case of 111In,
approximately half (∼50%) of the complexes with the daughter
Cd disintegrated. However, the remaining complexes were
numerous enough for the determination of a stability constant
for In−DTPA. The stability constant determined for the acidic
complex of 111mCd with DTPA also correlates well with the
data reported in the literature. For 154Eu, almost all of the
complexes with the daughter 154Gd did not disintegrate,
allowing for the determination of the stability constant of the
154Eu−DTPA complex. For 152Eu complexes, almost all initial
complexes of the daughter 152Sm disintegrated. A potential
mechanism for 152Eu−DTPA decomplexation due to a
shielding effect of 152Sm was shown.

■ ASSOCIATED CONTENT
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(Figures S1−S11) TDPAC spectra for the selected PAC
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charge distribution (ψ2) in electronic states of a free
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the nucleus in units of Bohr radius RB (PDF)
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Abstract 

A four-detector spectrometer of perturbed angular yy correlations is developed for investigation of hyperfine 
interactions in condensed matter. It allows measurements with practically any type of detectors. A unique circuit design 
involving a specially developed Master PAC unit combined with a computer allows a substantially higher efficiency, 
reduced set-up time and simpler operation in comparison with traditional PAC spectrometers. A cryostat and a high- 
temperature oven allow measurements in the temperature range from 120 to 1300 K. An encased electromagnet makes 
it possible to generate a magnetic field up to 2 T  on a sample. The measurement system includes a press with a specially 
designed high-pressure chamber allowing on-line PAC measurements in samples under pressure up to 60 GPa. 
0 2005 Elsevier B.V. All rights reserved. 

PACS: 29.30 

Keywords.. TDPAC spectrometer; Delayed coincidence; Hyperfine interactions; High pressure 

1. Introduction 

Hyperfine interaction (HFI) physics deals with a 
wide range of phenomena where interaction of 
atomic nuclei with electric and magnetic field 
generated by electrons in free atoms and in 
condensed matter is manifested. This allows the 

electron structure of solids, chemical compounds, 
and biological objects to be studied. The HFI 
parameters are quite sensitive to details of the 
electron wave functions for atoms and ions, which 
makes it possible to gain unique information 
unobtainable by other methods. 

The HFI Hamiltonian may be written down as a 
series 
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where Eo is the electric monopole interaction, M I  PAC spectrometers were designed and con- 
is the magnetic dipole interaction, E2 is the electric structed by groups of physics engaged in solving 
quadrupole interaction. Each term of the series is a nuclear-physics problems. Recently, PAC methods 
product of one of the nuclear moments by the have found wide use in other sciences, such as solid 
corresponding component of the extranuclear state physics, chemistry, medicine, etc. To make 
electromagnetic field. As the interaction energy PAC widely used, it is necessary to have spectro- 
rapidly decreases with increasing multipolarity, the meters which do not require sophisticated set-up 
dipole/quadrupole interactions alone are usually procedures and which allow a wide range of 
dealt with. Thus, knowing the magnetic dipole radioactive isotopes to be used as probes. Devel- 
moment and the electric quadrupole moment of opment of electronic and computer circuitry and 
the probe nucleus, we may determine the electro- components makes it possible to develop such 
magnetic fields of the probe nucleus surroundings. spectrometers. 

The main methods used to study HFI are the We have developed a four-detector spectrometer 
nuclear orientation method, nuclear magnetic which can be used with different types of detectors 
resonance method, Mossbauer effect, and method and with all radionuclides suitable for PAC 
of perturbed angular correlations (PAC) of nucle- measurements. Preliminary selection for reducing 
ar radiation cascades. the load of the equipment is done by time, and the 

One of the major advantages of the PAC energy selection is carried out by using the 
method is that it allows experiments to be carried accumulation program and codes corresponding 
out with samples in any aggregate state, in a wide the total detector charge collection. Special devices 
range of pressures, temperatures, and external are built into the spectrometer to increase the 
electromagnetic fields, with extremely small con- measurement accuracy and to make set-up (opera- 
centrations of probe nuclei (probe radionuclides) tion) easier. This spectrometer is used to carry out 
down to 10-lS M. As a result, it is possible to investigations in solid state physics [4] and physical 
investigate a wide range of objects from gaseous chemistry [5]. 
substances to biological samples measured in vivo. 

The PAC method requires spectrometers that 
provide data taking with a good statistical 2. Block diagram and operation of the spectrometer 
accuracy within reasonable measurement time. 
The efficiency of PAC spectrometers is mainly The block diagram of the PAC spectrometer is 
increased by increasing the number of detectors to displayed in Fig. 1. 
four or six, as a rule. Detectors of the spectrometer (DET 1 -DET4) 

To decrease the load of the accumulation are cylinder-shaped BaF2 or NaI(T1) crystals, 
equipment in the PAC spectrometers, only signals 40 x 40mm in size, optically connected to the i 

I 
passed through the preliminary energy selection are XP2020Q photomultiplier. 
applied to the time-to-amplitude converter (TAC) Time referencing is by the anode signal of the 
[l-31. Since the energy selection requires time, detector, the CANBEKRA 2126 constant fraction 
either fast analogue signals are delayed [2], which discriminator (CFD) is used. The dynode output 
may result in worse time resolution, or only the fast of the photomultiplier is connected to the shaping 1 
component of scintillation (BaF2) is used [3], which spectrometric amplifier (Ampl). 
worsens the energy resolution. Sometimes trade-off The hardware and software of the spectrometer j 
decisions are taken, e.g. partial collection of the provide two modes of operation: 
slow component (BaF2) is carried out with a small 
time signal delay [I]. Note that in all above- basic mode, in which 12 time spectra (TS) and 
mentioned spectrometers the energy selection of four energy spectra are recorded, 
gamma-quanta is carried out by hardware. In set-up mode, in which energy windows may be 
addition, the above detectors are made to work set up and operation of detector sections may be 
only with a particular type of detectors. controlled. 
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Fig. 1. Block diagram of the four-detector spectrometer. 

During the experiment (basic mode), the Master 
PAC unit provides selection of two events coin- 
ciding in time for any pair of the detectors. The 
coincidence time range is set by the switch on the 
front panel of the unit. In the case of coincidences, 
the Master PAC produces GATE signals turning 
on the recording instruments while at the START 
and STOP outputs information pulses are gener- 
ated. The time interval between them is equal to 
the interval between signals from the detectors. 
The time selection in the Master PAC reduces the 
accidental signal load of the recording instruments 
by 2--3 orders of magnitude. 

The TAC unit (ORTEC 467 time-to-amplitude 
converter) receives START signals directly from 
the Master PAC and STOP signals through the 
cable delay (DELAY) and generates pulses with an 
amplitude proportional to the START-DELAY/ 
STOP time interval. Positions of switches on the 
Master PAC and TAC and the DELAY value 
determine the time interval measurement range. 
Signals from the TAC and the amplifiers Am- 
pll-Amp14 arrive at the analogue-to-digital con- 
verters, time t-ADC and energy ePADC1*-ADC4 
ones, respectively. Master PAC pulses GATE 
trigger the ADC and LAM-IRQ signals launch 
the data recording procedure in the PC. 

The data recording procedure involves the 
"hardware interruption" mechanism. The data 
reading program itself is a resident, i.e. it is 
permanently stored in the main memory of the 
computer. The resident procedure and "hardware 
interruptions" ensure a high rate of the PC 
response to the LAM-IRQ signal and comfortable 
display of accumulated data. After the procedure 
is started in the PC and conversion is completed in 
the ADC, the data arrive at the computer through 
the controller "Bus contrl." Then the data transfer 
energy selection begins and the measuring instru- 
ments are set ready for recording the next events 
while processing of the last event is still on; that is, 
the instrumentation and the PC operate in parallel 
in the "pipeline" mode. This organization allows 
the dead time to be reduced by 20-30%. 

In the Master PAC, fast time selection is 
effected at high input loads, in the computer 
energy selection-sorting is effected by e-ADC 
codes. Before the experiment, two energy windows 
are set in the program for each detector, AEyl 
corresponding to the y-quantum populating the 
intermediate level and AEy;! corresponding to the 
y-quantum de-exciting it. The code of each e-ADC 
is compared with the windows AEy, and AEy2 set 
for it. If the code of one of the time-coincident 
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e-ADCs falls within the window AEyl  and code of 
the other e-ADC falls within its preset window 
AEyz, the event is considered useful. The opera- 
tion of a pair of detectors (six variants for four 
detectors) and the result of the energy selection 
(two variants) form 12 TS to which the t-ADC 
code will be added. 

The codes from the e-ADC are used not only 
for selection of t-ADC codes but also for 
accumulation of four energy spectra, i.e. the code 
of each triggered e-ADC is recorded in the 
corresponding energy spectrum. The shape of 
these spectra is used to check the operation 
stability of the detectors during the experiment 
and may later be used to normalize TS. 

The spectrometer makes it possible to carry out 
experiments in the multidimensional analysis 
mode. In this case, ADC codes for each event 
may be stored on an event-by-event basis, i.e. files 
are formed where each event consisting of the 
codes of two e-ADC and one t-ADC is succes- 
sively written. After these files are written, TS of 
interest may be formed by optimizing boundaries 
of energy windows and other parameters. 

In a spectrometer like this, the number of 
detectors can be easily varied. There are no 
problems with increasing the number of energy 
windows for any detector and with adding 
pressure, temperatures detectors and others. 

Checking and setting-up are particularly trou- 
blesome procedures in PAC spectrometers. To 
cope with most problems arising in the set-up 
mode, additional procedures in the program and a 
special mode of operation of the Master PAC are 
provided. 

When the programmed set-up/test procedure is 
started by a command from the computer, the 
Master PAC is switched to the test mode. In this 
case, e-ADCs are triggered by each detector signal. 
After conversion the code of an e-ADC is stored in 
the computer. Energy spectra are constructed for 
each detector. On the basis of their shape, 

operation of the detectors is appraised, 
energy ranges of detector operation are selected 
by varying the high voltage of the photomulti- 
plier (HV unit) and the amplification factor 
(Amp1 unit), 

CFD thresholds are set, 
boundaries of the energy windows AEyl and 
AEy2 are set. 

All settings are made without an oscilloscope 
and without reconnection of units. The spectro- 
meter can be periodically switched to the test mode 
during data taking without interrupting measure- 
ments. 

Energy selection of events in the computer, 
unlike the traditional one with the use of 
differential discriminators, allowed the operation 
of the spectrometer to be much simpler, the data 
taking control to be improved, the energy selection 
to be optimized, and the spectrometer set-up time 
to be reduced. 

3. Master PAC 

The only specialized unit of the spectrometer is 
the Master PAC. As mentioned in the previous 
section, the Master PAC may operate in two 
modes, basic and set-up. The desirable mode is 
selected by the PC command. 

Basic mode functions: 

determination of signals from any two detectors 
which coincided within the preset time range 
(for four detectors there are six variants), 
generation of the START and STOP pulses with 
the interval between them equal to the interval 
between the CFD signals, 
triggering of ADCs and launching the procedure 
of reading data into the computer, 
transmission of the numbers of the detectors 
whose signals appear at the START and STOP 
outputs to the computer. 

Depending on the time interval between the 
signals from the detectors, two versions of the 
basic mode of operation are possible. 

One is when operation of one of the detectors is 
not followed within the present time interval by 
operation of the other three detectors for they did 
not detect radiation, i.e. there are no coincidences. 
In this case, the Master PAC returns to the initial 
state as fast as possible for receiving next signals. 



I V. B. Brudunin et 01. / Nuclear Znstruinents and Methods in Physics Research A 547 (2005) 389-399 393 

This initialization time is less than loons (i.e. 
considerably smaller than initialization in TAC). 
With the event rate 1,00,000 events/s at all inputs 
the counting errors do not exceed 1 Oh. 

The other is when two detectors detected 
radiation simultaneously or one after the other 
within the preset time interval, i.e. coincidence is 
detected. Interaction of spectrometer units in this 
case is described in the previous section. While 
conversion of the analogue signals to code and 
their transfer to the computer take place, the 
Master PAC inputs are closed. For our spectro- 
meter this time varies from 10 to 20 ys. After the 
data transfer is completed, computer sends the 
Reset signal. By this signal all spectrometer units 
are initialized and the Master PAC inputs switch 
to the open state. The number of coincidences for 
a four-detector PAC spectrometer do not normally 
exceed 2000 eventsls. At such a load the dead time 
of the spectrometer is no larger than 4%, and the 
total dead time, with no-coincidence cases (1%) 
taken into account, will be less than 5%. 

In the set-up mode, the Master PAC supplies 
GATE signals to the e A D C  each time there 
appears a signal from the CDF (irrespective of 
coincidences). 

Setting up of the Master PAC itself consists in 
setting the coincidence time, which is done by the 
"Time of coincidence" switch on its front panel. 
There are eight options: 100, 200, 300, 400> 500, 
600, 700, and 800 ns. 

4. Software for the yy-PAC spectrometer 

The operation of the spectrometer is controlled 
by the IBM-compatible computer which is a part 
of the spectrometer. Most of the software is in 
PASCAL. Parts of the programs critical for their 
execution are in ASSEMBLER. Now a version 
of the accumulation program with on-line visua- 
lization is developed for working under the 
Linux operating system with using ROOT 3.10 
environment. 

The program allows accumulation of four 
energy spectra and 12 TS (Fig. 2). To each of the 
12 TS there corresponds its own combination of 
the triggered detectors and the energy windows 

AEyl and AEyz. The program regularly saves the 
data on a disc without interrupting measurements. 

5. Suppression of interchannel interference 

Interchannel interference (pick-up) is a common 
problem of multichannel spectrometers. In our 
case, this interference manifests itself as wave-like 
structures in the spectra of delayed coincidences. 
Fig. 3 shows a spectrum of accidental coincidences 
from two detectors measured with a L 3 7 ~ s  source. 
A wave-like structure is seen in the spectrum. 

It was decided to solve this problem by using the 
statistical level-off method ("sliding scale" meth- 
od) developed by Gatti [6]. An additional unit CD 
(see Fig. 1) with a few cable delays (four in our 
case) is installed in each of the four channels of the 
spectrometer. The delays vary from 1 to 201x3, 
which corresponds to the pick-up "period". The 
delay duration is changed by the PC command. 

During measurements, the program periodically 
(e.g. once a minute) changes the combination of 
delays in the units. On detection of an event, the 
time ADC code changes by a value corresponding 
to the given combination of delays. Thus, the 
spurious effect is "leveled off '  while the useful 
signal remains as it is. Fig. 4 shows two TS 
measured with the ( L 3 7 ~ s + 6 0 ~ o )  source without 
(a) and with (b) the use of the "sliding scale" 
method. The interference is seen to be appreciably 
suppressed while the peak of prompt coincidences 
is not smeared out. 

6. PAC measurement at high pressure 

The main advantages of the PAC method for 
studying materials under high pressure are 

the possibility of using isotopes with a suffi- 
ciently high y-radiation energy, which consider- 
ably simplifies technical support of the 
experiment, 
a small (0.3-0.5 mm3) volume of samples. 

A many-stage high-pressure apparatus of the 
"matryoshka" type [7] allows a pressure up 
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Fig. 2. Four energy spectra and 12 time spectra obtained with "'1n. 

to 60GPa to be generated in a volume suffi- 
cient for PAC measurements in a sample under 
pressure at the temperature of liquid nitrogen and 
higher. 

To carry out under-pressure PAC measure- 
ments, the four-detector spectrometer is equipped 
with a small-size hydraulic four-arm press of 
capacity up to 300 t, which makes it possible 
to use the many-stage high-pressure apparatus 
(Fig. 5) .  A "toroidm-type chamber [8] is used as the 

first stage. Its holes 10 and I5mm in diameter 
allow generation of pressure up to 10 and 8 Gpa, 
respectively. Bridgman anvils are used as the 
second stage. They are made either of carbonado 
(sintered artificial diamonds) or of sintered natural 
diamonds, which allows pressures about 60 GPa to 
be attained. 

Resistance transitions of reference substances or 
residual quartz density-against-pressure curves 
were used to calibrate the apparatus [7]. 
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Fig. 3. Spectrum of accidental coincidences measured with a 
'"CS source. 
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Fig. 4. Time spectra measured with the (I3'cs + '('co) source. 

Quartz and catlinite (Ca and A1 oxide) or 
pyrophyllite were used as a medium transferring 
and maintaining pressure. 

7. Thermostatting system 

The spectrometer is equipped with a thermostat 
and a high-temperature oven to measure tempera- 
ture dependence of the HFI parameters. 

The thermostat chamber (Fig. 6) is tightly fixed 
on the upper end of the evacuated siphon with 

vacuum insulation. The siphon enters the Dewar 
vessel with liquid nitrogen through the air-tight 
seal in its neck. The pressure in the Dewar vessel is 
a few millibars higher than the atmospheric 
pressure. Cold nitrogen vapour moves over the 
siphon from the vapour region through the heat 
exchanger at the bottom of the Dewar vessel to the 
experimental chamber. The cold nitrogen vapour 
is heated to the required temperature by the 
electric heater inside the isothermal unit. A 
thermocouple and commercial electronic devices 
intended for controlling industrial processes are 
used to control and stabilize temperature. Then 
the heated gas uniformly cools the experimental 
ampoule on all sides and passes to atmosphere 
over the spiral groove between the foam plastic 
plug and the body of the experimental chamber. 
The thermostat makes it possible to cover the 
temperature range from 120 to 350K and to 
maintain the temperature with an error of 0.5 K. 

The main element of the high-temperature oven 
(Fig. 7) is the refractory block with four cone- 
shaped windows to let radioactive radiation from 
the sources under study pass to the detectors and a 
vertical channel to accommodate the heater. The 
block is made of foam chamotte brick. The cone- 
shaped space of the windows is insulated with 
Goodfellow refractory wool of non-woven alumi- 
nium oxide fibres. The wool is kept in the windows 
by a thin capton film. The electric tantalum-wire 
heater of the oven is wrapped on an aluminium 
oxide pipe inserted with its closed end up in the 
channel of the block. The rest of the oven space 
inside the steel body is filled with foam chamotte 
crumb. Temperature is stabilized and controlled in 
the range up to 1300 K by a computer through the 
above-mentioned electronic devices (Figs. 8 and 9). 

8. Construction of the anisotropy function 

The procedure for construction of the anisotro- 
py function from the TS is as follows. 

1. For all TS, "zero" channels are determined 
from the independent measurement of the 
spectra of prompt coincidences with 6 0 ~ o .  Six 
spectra are rotated with respect to their "zero" 
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Fig. 5. Schematic view of the apparatus for high-pressure PAC measurements: 1-support transferring force from the press; 2, 5-first 
stage of the high-pressure chamber, upper and lower parts; 3-second state of the high-pressure chamber and a sample (right: 
schematic view of the second stage assembly); 4--catlinite cell transferring and maintaining pressure. 

and then all spectra are adjusted by the "zero" cY(t) is the number of true coincidences, ~ y ( t )  is 
channels. background from accidental coincidences. 

2. The TS are normalized to the number of counts 4. TS are multiplied channel by channel: 
in the windows AEyl and AEy?. The normal- 118 

ization coefficient K ,  for the ith TS is x9o(t) = [fi C ; O ( ~ ) ]  , (44 

ssi 
L1=1 J 

K -  . ' - min{SSi) ' (1) 

where SSi = S s t a r t .  &top; S s t a r t .  &top are the (4b) 
numbers of events in the windows of energy 
spectra corresponding to the "start" and "stop" 
y-quanta for a particular TS. 5. The anisotropy function is calculated: 
. . 

A spectrum is normalized: 

s ~ l ' ( t )  ni (f) = - , 
Ki 

~ ! ( t ) ,  nB(t) are the numbers of events in the ith 6 .  The statistical error g ~ ( , )  is calculated: 
TS for the angle 0 (90" and 180") before and 
after normalization. g ~ ( t )  = 6 ~ ' ~ ~ ( t ) ~ ~ ~ ( t )  

3. The background from accidental coincidences is ( x l go ( t )  + 2 ~ ~ O ( t ) ) ~  

taken into account: 

C!(t) '= $(t)  - ~ ! ( t ) ,  
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Fig. 6. Head part of the thermostat: 1-capsule with a sample 
to be studied; 2-thermocouple; 3-isothermic heat exchanger 
of sintered large-grain copper powder; &heater; 5-evacuated 
siphon; 6-detector; 7-foam plastic heat insulation; 8-foam 
plastic plug. 

The channel division value in the TS for 
further calculations is determined from the 
independent measurement with a calibrated delay 
introduced before time-to-amplitude conversion. 

9. Experimental results and conclusion 

A four-detector spectrometer of perturbed 
angular yy correlations is developed with the 
following characteristics: 

time range 1-800 ns; 
time resolution ( 6 0 ~ o  1 173-1 332 keV) 200 ps 
with BaF2, 2.0 ns with NaI(T1); 

Fig. 7. High-temperature oven: 1-refractory block; 2-alumi- 
nium oxide pipe; 3-stainless-steel body; &chopped foam 
firebrick; 5-refractory wool of thin aluminium oxide fibres; 
6-thin capton foil; 7-detector; 8-refractory air-tight capsule 
with a sample; 9-heat plug; 10-heater; 11-thermocouple. 

0 

0 200 400 600 
Channels 

Fig. 8. I3'cs energy spectrum. 

energy resolution ( ' 3 7 ~ s  662keV) 10% with 
BaF2, 8% with NaI(T1). 

A wide range of investigations in solid state 
physics and physical chemistry were carried out 
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Fig. 9. Spectrum of prompt coincidences with the 6 0 ~ o  source. 

Fig. 10. Dynamic character of PAC (" ' I~(Ec)" 'c~)  in ice. 

with the PAC spectrometer, in particular PAC 
investigations in frozen aqueous solutions with the 
use of " 'I~(Ec)"'c~. One of the measured 
anisotropy spectra is shown in Fig. 10. 

These measurements revealed the mechanism 
for the dynamic character of PAC in ice. Fluctua- 
tion of the electric field gradient in this system was 
attributed to mobility of ion and orientation 
defects [5]. 

The angular correlation anisotropy spectrum for 
"'Cd nuclei in LaRu, (Fig. 11) is processed by the 
DEPACK program [9]. The HFI parameters 
(ye = 242(3)MHz, 
V,, = (1.2 i 0.2) x 1018 v/cm2) derived from 
this spectrum are in good agreement with 
the results derived from the spectra measured 
with a three-detector spectrometer of the 
Institute of Nuclear Physics, Moscow State Uni- 
versity [lo]. 

Temperature dependence of the EFG on " ' ~ d  
nuclei at boron sites was measured in the super- 
conductor MgB2 synthesized at a pressure of 
8 GPa. The experimental and calculated EFG 
values were in good agreement [4]. 

The measuring complex described in the 
paper will allow on-line studies of variation in 
the electric field gradient on "'Cd impurity nuclei 
with valence of rare-earth ions in Laves cubic 
phases. 

Fig. 11. Angular correlation anisotropy spectrum for " ' ~ d  nuclei in LaRu2. 
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Summary. 140Nd was produced by irradiations of CeO2

and Pr2O3 targets leading to natCe(3He,xn)140Nd and
141Pr(p,2n)140Nd nuclear reactions. The practical yield of
140Nd at EOB in the former reaction over the energy range of
E3He = 33.5 → 0 MeV amounted to 3.5 MBq/µA h and in the
latter reaction over the energy range of Ep = 18.6 → 16.2 MeV
to 15.5 MBq/µA h. These values correspond to about 41%
and 60% of the respective theoretical values. Successful
separations of the radionuclide were performed by means
of cation-exchange chromatography resulting in decontam-
ination factors of ≥ 108 and ≥ 7×105 for the cerium
and praseodymium target materials, respectively. With the
no-carrier-added 140Nd obtained, an efficient 140Nd/140Pr ra-
dionuclide generator system was developed and evaluated.
The principle of the radiochemical separation is based on
physico-chemical transitions (hot-atom effects) of the daugh-
ter 140Pr following the electron decay process of 140Nd. The
parent radionuclide 140Nd(III) is quantitatively adsorbed on
a solid phase matrix in the form of 140Nd-DOTA-conjugated
complexes. The daughter nuclide 140Pr is generated in an
ionic species and is easily separated using low volumes
of various aqueous eluents. The elution yield is at least
93%, if an optimized eluent, such as DTPA solution is
applied. The system remains stable at least over three
half-lives of 140Nd, with high radiolytic stability and low
140Nd breakthrough. This radionuclide generator system 140Nd
(T1/2 = 3.37 d) provides the short-lived positron-emitting radi-
olanthanide 140Pr (T1/2 = 3.4 min) for molecular imaging using
positron emission tomography (PET).

1. Introduction

A radionuclide generator is a concept based on a nuclear
genetic relationship, resulting in a chemical system which
permits continuous isolation of a short-lived daughter ra-
dionuclide from its long-lived radioactive mother nuclide.
Radionuclide generators provide an alternative and often

*Author for correspondence (E-mail: frank.roesch@uni-mainz.de).

more convenient source of radionuclides compared to direct
production routes at rather complex facilities such as accel-
erators and nuclear reactors.

There are several radiolanthanide generator pairs of in-
terest [1]. Commonly used radionuclide generator systems
are based on conventional separation methods (e.g. cation-
exchange, extraction chromatography, liquid-liquid extrac-
tion, etc.), and entail sufficient chemical differences between
mother and daughter radionuclides as an essential require-
ment. If parent/daughter radionuclides are ZLn/Z±1Ln due
to the chemical similarity of the two adjacent members of
the lanthanide series, however, those radiochemical tech-
niques may not be applicable. Therefore alternative and in
principle new radiochemical concepts have to be developed
in order to realize the generator systems of radiolanthanides.

140Nd (EC = 100%, T1/2 = 3.37 d) produces a short-
lived intermediate positron emitter 140Pr (β+ = 49%, Emax =
2.4 MeV, T1/2 = 3.4 min) which decays to stable 140Ce. The
pair 140Nd/140Pr shows potential as a radionuclide generator
or as an in vivo generator system for PET [2, 3].To develop
further the short-lived positron emitter 140Pr for clinical ap-
plication, a 140Nd/140Pr radionuclide generator system needs
to be designed. For application of the system in the form
of an in vivo generator (i.e. direct labelling of biomolecules
with the long-lived 140Nd which, after targeting and accumu-
lation at the specific disease sites, generates 140Pr in situ),
a consideration of the chemical effects following nuclear
transitions is required.

The physico-chemical processes occurring after the pri-
mary radioactive decay, such as electron capture (EC)
and/or Auger electron emission or X-ray emission, can
cause changes in the chemical state of the generated daugh-
ter nucleus. In the case of electron capture or internal
conversion these “post-effects” are known to provide the
possibility of separation of different chemical forms of
the parent and daughter radionuclides [4–6]. Attempts to
separate neighbouring lanthanides have been reported for
several cases as well [7, 8]. An initial prototype of contin-
uous separation (a radionuclide generator system) of type
ZLn/Z±1Ln was reported for the 140Nd/140Pr pair [7]. In that
work the parent radionuclide 140Nd was adsorbed in the form
of a DTPA (diethylene triaminepentaacetic acid) complex
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on an anion-exchanger (Dowex 1, Wofatit SBW). The gen-
erated daughter radionuclide 140Pr, stabilised in a cationic
form, was eluted with 10−6 M solution of a carrier (stable
lanthanide). This approach provided 30±15% yield of the
daughter radionuclide. The breakthrough of the parent 140Nd
was in the range of 0.2%–0.3%.

In the present work we report on a quantitative eval-
uation of “post-effects” for 140Pr(III) formed following
electron capture decay of 140Nd-DOTA (DOTA = 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid). Further-
more an efficient 140Nd/140Pr radionuclide generator system,
based on physico-chemical transitions in this type of com-
plex, is described.

First, the chemical fate of 140Pr is studied by separation
of the different chemical forms of the parent and the daugh-
ter radionuclides. The daughter 140Pr is released from its
chemical micro-environment. DOTA is well known to of-
fer excellent thermodynamic stability and kinetic inertness,
particularly for complexes with trivalent metals such as lan-
thanides [9]. Rapid formation of 140Pr-DOTA complex is
inhibited by the kinetic inertness of DOTA. The same is true
for the radionuclide exchange. Thus, the fraction of “free”
140Pr, i.e. non 140Pr-DOTA, can be effectively separated from
the 140Nd-DOTA complex. The other point to realise in the
140Nd/140Pr radionuclide generator system is (a) to synthe-
sise and (b) to stabilise the parent radionuclide 140Nd in form
of a 140Nd-DOTA complex on a solid phase. Due to the
high thermodynamic stability and kinetic inertness of 140Nd-
DOTA type complexes (as mentioned above), the release
of the long-lived parent radionuclide 140Nd is inhibited at
room temperature. 140Nd-DOTA or 140Nd-DOTA-conjugated
compounds are adsorbed on selected resins/cartridges. This
immobilises 140Nd and allows an effective continuous sep-
aration of 140Pr, i.e. representing a 140Nd/140Pr radionuclide
generator system.

2. Experimental

2.1 Reagents and materials

Only analytical-reagent grade chemicals and Milli-Q wa-
ter (18.2 MΩ cm) were used. Cation-exchange resins Bio-
Rad AG 50W-X8, 200–400 mesh and minus 400 mesh,
and Aminex A6 were used to prepare chromatography
columns. DOTA-DPhe1-Tyr3-octreotide (DOTATOC) was
kindly provided by Novartis Pharma AG. For preparation
of a 140Nd/140Pr radionuclide generator, a C-18 cartridge,
Phenomenex Strata-X Tube, 30 mg, was used.

Complex formation yields were controlled by TLC on
aluminium sheets, silica gel 60, and 0.1 M Na3Citrate as
eluent. Measurement of the radionuclidic composition was
done by γ -ray spectrometry using an HPGe detector.

2.2 Production of 140Nd

2.2.1 natCe(3He,xn)140Nd
140Nd was produced by irradiation of natural cerium oxide
target with 3He-particles of 36 MeV primary energy at the
CV 28 cyclotron of the Forschungszentrum Jülich as de-
scribed earlier [2]. The target consisted of 500 mg CeO2

(99.999%, Sigma Aldrich) and was compressed to a pellet

of 13 mm diameter. The pellet was placed in the groove of
a target holder and covered by a 25 µm thick Cu foil. The
target holder was cooled by a stream of water flowing at the
back. An average beam current of 2.6 µA and an irradiation
period of 4 hours were applied. A defocussed and wobbled
beam was used. The beam current was measured by a charge
integrator.

2.2.2 141Pr(p, 2n)140Nd

In addition, 140Nd was produced by irradiation of prase-
odymium oxide with protons of 19 MeV primary energy at
the CV 28 cyclotron of the Forschungszentrum Jülich. The
target consisting of 200 mg Pr2O3 (99.999%, Sigma Aldrich)
was compressed into a pellet and irradiated in a similar way
as in the case of the 3He-particle irradiation of Ce2O3. The
beam current used was 3 µA and the irradiation time 4 hours.

2.3 Radiochemical isolation of 140Nd from target
materials

2.3.1 Chemical separation of n.c.a. 140Nd(III) from macro
amounts of Ce(III)

The irradiated Ce2O3 target contained about 35 MBq of
140Nd. The activity of the co-produced praseodymium and
cerium radionuclides was low, but enough for subsequent
γ -ray spectrometric analysis of the distribution of elem-
ents. Radiochemical separation was performed using cation-
exchange chromatography, according to a Ce(III)/Nd(III)
scheme, i.e. not according to the Ce(IV)/Nd(III) separation
as used earlier [2]. The irradiated CeO2 (500 mg, 2.9 mmol)
was dissolved in concentrated HCl. The Ce(IV) was com-
pletely reduced to Ce(III) in the presence of I− ions. The
target material was boiled with ∼ 40 ml of concentrated HCl
with addition of 0.5–1 g KI for 1–1.5 h. After complete dis-
solution of the target material, the volume was adjusted to
110 ml with H2O and filtered on a standard glass filter.

The solution was loaded on a primary chromatography
column of 400×20 mm dimensions, filled with Bio-Rad AG
50W-X8, 200–400 mesh, in hydrogen form. The resin was
washed with about 600 ml of 0.5 M NH4Cl to convert the
cation-exchanger to the NH4

+-form. The lanthanides were
eluted selectively using α-hydroxyisobutyric acid (α-HIBA)
solutions of varying concentration at pH 4.75. In order to
evaluate the optimum separation condition a gradient elu-
tion was applied. Starting with 0.26 M α-HIBA, the con-
centration was increased for each 60 ml eluent (see Fig. 1).
The eluate was fractionated in 30 ml portions. Alternatively,
the primary chromatography column was loaded with the
dissolved target, the resin was washed with 0.5 M NH4Cl,
and 120 ml of 0.20 M α-HIBA were applied. The chro-
matographic separation in this case was performed by iso-
cratic elution (Fig. 2). 140Nd(III) was selectively eluted with
0.30 M α-HIBA solution, while Ce(III) was washed out of
the resin at a concentration of 0.40 M. Next, the 140Nd avail-
able was converted to the chloride form. The pH of the
140Nd(III) solution (150–180 ml, 0.30 M α-HIBA) was ad-
justed to ∼ 1 by addition of concentrated HCl. The solution
was loaded on a cation-exchange chromatography column
of 90×8 mm dimensions, filled with Bio-Rad AG 50W-X8,
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Fig. 1. 140Nd(III)/Ce(III) separation. Profiles of a gradient elution
on the primary chromatography column (400×20 mm, AG 50W-X8,
200–400 mesh). Each fraction contained 30 ml of eluted volume.

Fig. 2. 140Nd(III)/Ce(III) separation. Profiles of an isocratic elution
on the primary chromatography column (400×20 mm, AG 50W-X8,
200–400 mesh). Each fraction contained 30 ml of eluted volume.

Fig. 3. 140Nd(III)/Ce(III) separation. Profiles of isocratic elution on the
small chromatography column (100×2 mm, Aminex A6). Each frac-
tion contained 2 drops (∼ 60 µl) of eluted volume. The fractions 13 to
18 were collected to obtain pure 140Nd.

200–400 mesh, hydrogen form. The resin was washed with
1 M HCl. 140Nd(III) was eluted with about 20 ml of 4 M
HCl. After evaporation the activity was collected in ∼ 1 ml
of 0.1 M HCl.

The final purification of 140Nd(III) was performed on
a small Aminex A6 column (100×2 mm). The activity was
loaded on the resin in hydrogen form from the 0.1 M HCl so-
lution. The resin was washed with 0.5 M NH4Cl and 0.20 M
α-HIBA. 140Nd(III) was selectively eluted with 0.30 M
α-HIBA in a 60 µl fraction. The co-produced praseodymium
radioisotopes are separated as well. The remaining Ce(III)
was washed out again with 0.40 M α-HIBA. An example of
the elution profile is shown in Fig. 3.

2.3.2 Chemical separation of n.c.a. 140Nd(III) from macro
amounts of Pr(III)

Following 141Pr(p, 2n) production, about 200 MBq of 140Nd
were available. As no Pr radioisotope was co-produced in
adequate amount, 142Pr (T1/2 = 19.13 h) was separately pro-
duced for γ -ray spectrometric analysis of the distribution
of elements. Praseodymium chloride (5 mg) was irradi-
ated at the TRIGA II reactor in Mainz at a neutron flux
of 4×1012 cm−2 s−1 for 3 h, resulting in 93 MBq of 142Pr.
Radiochemical separation was performed using cation-
exchange chromatography.

The cyclotron irradiated target material (200 mg Pr2O3,
0.6 mmol) was dissolved in 5 ml of concentrated HCl
by heating (50–60 ◦C) for 20–30 min. After addition of
142/141PrCl3 and 5 mmol of NH4Cl, the mixture was evapo-
rated under argon atmosphere. The dried residue was dis-
solved in 20 ml of H2O. Due to the remaining HCl, the pH
of the solution was 1–2. The mixture was passed through
a standard glass filter.

The primary chromatography column was of 390 ×
16 mm (Vfr ∼ 80 ml) dimensions, filled with Bio-Rad AG
50W-X8, 200–400 mesh. In contrast to the protocol used
for separating 140Nd from Ce(III), the resin was prepared
in the NH4

+-form. After loading the column with the dis-
solved target solution, it was washed with 120 ml of 0.20 M

Fig. 4. 140Nd(III)/Pr(III) separation. Profiles of an isocratic elution on
the primary chromatography column (390× 16.1 mm, AG 50W-X8,
200–400 mesh). Each fraction contained 12 ml of eluted volume.
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Fig. 5. 140Nd(III)/Pr(III) separation. Profiles of isocratic elution on the
small chromatography column (100×2 mm, Aminex A6). Each frac-
tion contained 3 drops (∼ 90 µl) of eluted volume. The fractions 8 to
10 were collected to obtain pure 140Nd.

α-HIBA solution. The chromatographic separation was per-
formed by isocratic elution (Fig. 4). Each fraction contained
12 ml of the eluate. 140Nd(III) was selectively eluted with
0.29 M α-HIBA solution whereas Pr(III) was washed out at
an α-HIBA concentration of 0.40 M. The 140Nd(III) avail-
able was converted to its chloride form using a medium
chromatography column 90 × 5 mm, filled with Bio-Rad
AG 50W-X8, 200–400 mesh, hydrogen form, as described
above (see Sect. 2.3.1). The 140Nd activity was obtained in
1 ml of a 0.25 M HCl solution.

Final purification of 140Nd(III) was performed on a small
Aminex A6 column (100×2 mm). The activity was loaded
on the resin in hydrogen form from the 0.25 M HCl solu-
tion. Thereafter the resin was washed with 0.5 M NH4Cl and
0.20 M α-HIBA. The 140Nd(III) was selectively eluted with
0.29 M α-HIBA whereas Pr(III) was washed out at the con-
centration 0.40 M α-HIBA (Fig. 5).

2.4 Investigation of the chemical fate of 140 Pr
in aqueous solutions

After the final purification on the small cation-exchange
chromatography column (Figs. 3, 5), the 140Nd activity
was obtained in a small volume of the 0.29–0.30 M α-
HIBA eluate. It was diluted with 300 µl of H2O and
taken directly for preparation of the 140Nd-DOTA complex.
About 1–3 nmol of DOTA was added to the 140Nd solu-
tion and the mixture was heated at ∼ 100 ◦C for about
30 min. The complex formation yield was controlled by
TLC (aluminium sheets silica gel 60; 0.1 M Na3Citrate
eluent). The procedure was repeated (if needed) until the
labelling yield was � 90%. This procedure allowed prep-
aration of the 140Nd-DOTA complex without excess of
the free ligand DOTA. The separation of 140Nd-DOTA
from � 10% of uncomplexed 140Nd(III) was performed on
a micro-chromatography column, prepared using 50 mg of
Bio-Rad AG 50W-X8 cation exchanger, minus 400 mesh.
Reaction mixtures were passed through the column in
NH4

+-form. Free 140Nd(III) was quantitatively adsorbed

on the resin while the 140Nd-DOTA complex (1 : 1 sto-
ichiometry without excess of the ligand) was obtained
in the eluate. The α-HIBA content in the mixture was
negligible.

In order to determine the release of 140Pr(III) from the
DOTA complex, 140Nd/140Pr-DOTA (1 : 1 stoichiometry)
aqueous solutions with activities of 1–2 MBq 140Nd were
passed through the micro-chromatography column at room
temperature. The column was additionally washed with
300 µl of water. The procedure could be performed within
10–15 s only. Free stabilized 140Pr(III) was quantitatively ad-
sorbed on the resin, while 140Nd-DOTA passed through the
column with the eluate. The accumulation of 140Pr in the
eluted 140Nd fraction was studied by HPGe detector γ -ray
spectrometry, using the intense 511 keV annihilation peak
associated with the positron decay of 140Pr. A series of 25 s
measurements were performed until an equilibrium in the
140Nd/140Pr generator system was achieved.

2.5 140Nd/140Pr radionuclide generator

The 140Nd-DOTATOC complex was prepared in aqueous
solution containing 1 to 100 µg of DOTATOC (mainly de-
pending on the specific activity of 140Nd) as described above.
With ∼ 95% reaction yield the mixture represented 95%
of the 140Nd-DOTATOC complex at 1 : 1 stoichiometry and
5% of free 140Nd(III) without excess of the ligand DOTA-
TOC. For preparation of a 140Nd/140Pr radionuclide gener-
ator system, about 2.15 MBq of the 140Nd-DOTATOC was
loaded on a C-18 cartridge, Phenomenex Strata-X tubes,
30 mg. 140Nd-DOTATOC was adsorbed quantitatively on the
solid phase. The cartridge was washed with 5 ml of 10−3 M
DTPA, pH 6.2, in order to remove the 5% free 140Nd(III).
The cartridge itself became the column of the radionu-
clide generator system. It could be operated with standard
single-use syringes. As eluent system, aqueous solutions
of 10−7 –10−3 M DTPA, 10−3 –10−1 M citrate and 10−3 M
NTA (pH ∼ 6.0) were examined. The cartridge was eluted
with 1 ml each of these mixtures. The procedure could be
performed within about 10 s only. Between successive elu-
tions, the generator was washed with water and kept in pure
water.

3. Results and discussion

3.1 140Nd production
140Nd (T1/2 = 3.37 d) can be produced by (i) irradiation
of 141Pr with protons (141Pr(p,2n)140Nd) or deuterons
(141Pr(d,3n)140Nd) and (ii) 3He- or 4He-induced nuclear
reactions on 140Ce such as 140Ce(3He,3n)140Nd or 140Ce
(4He,4n)140Nd. In both cases elements of natural isotopic
composition, viz. natCe (0.19% 136Ce; 0.25% 138Ce; 88.5%
140Ce; 11.08% 142Ce) and natPr (100% 141Pr) can be used as
target material.

A detailed study of the nuclear reactions natCe(3He,xn)
140Nd and 141Pr(p,2n)140Nd was published recently [10]. The
yields of 140Nd calculated from the excitation functions were
found to be 12 MBq/µA h if cerium is irradiated with 3He
particles (E = 35 → 20 MeV) and 210 MBq/µA h when Pr
is irradiated with protons (E = 30 → 15 MeV).
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Table 1. Possible nuclear processes and their products (with T1/2 > 1 h)
in the interactions of 36 MeV 3He-particles with natCe and of 19 MeV
protons with 141Pr.

Radionuclide a T1/2 Nuclear processes on targets
natCe 141Pr

141Nd 2.5 h 140Ce(3He,2n) 141Pr(p,n)
142Ce(3He,4n)

140Nd 3.37 d 140Ce(3He,3n) 141Pr(p,2n)
138Ce(3He,n)

139mNd 5.5 h 140Ce(3He,4n)
138Ce(3He,2n)

139Pr 4.5 h 140Ce(3He,p3n) 141Pr(p,t)
138Ce(3He,pn)

142Pr 19.1 h 140Ce(3He,p)
142Ce(3He,p2n)

143Pr 13.6 d 142Ce(3He,pn)

139Ce 137.6 d 138Ce(3He,2p) 139Pr(EC,β+)
140Ce(3He,α)

141Ce 32.5 d 140Ce(3He,2p)
142Ce(3He,α)

143Ce 33.0 h 142Ce(3He,2p)

a: Decay data takes from the Table of Radioactive Isotopes (E. Browne
and R. B. Firestone), Wiley, 1986 [11].

The radionuclides, co-produced with 140Nd in the in-
teractions of 3He-particles with natCe and of protons with
141Pr, are listed in Table 1. The corresponding nuclear re-
actions are also given. Due to the higher energy of the
3He-particles used (36 MeV) and the four stable isotopes
in natCe, the number of possible reaction channels is high.
In the case of natPr the energy of protons used was only
19 MeV and the target is monoisotopic; the number of pos-
sible reactions was therefore low. The radionuclides detected

Radionuclide T1/2 Activity a Eγ used for Iγ

[kBq] quantification [keV] (%)

140Nd 3.37 d 12 500–15 600 b 1596.5 0.5

139mNd 5.5 h 400–2100 113.9 34.0
738.2 30.0
982.2 22.4

142Pr 19.1 h 2100–2300 1575.7 3.7

139Ce 137.6 d 33–95 165.8 79.9

141Ce 32.5 d 99–113 145.4 48.4

143Ce 33.0 h 170–180 293.3 42.0
722.0 5.1

a: Measured about 40 hours after the end of irradiation;
b: The uncertainly in the estimated radioactivity is rather high since the intensity of the 1596.5 keV

γ -ray used is very low. This γ -ray is emitted by the daughter 140Pr (T1/2 = 3.4 min) which is in
transient equilibrium with the parent 140Nd.

Table 2. Radionuclides detected in the
natCe target irradiated with 36 MeV 3He-
particles.

in the cerium target about 40 hours after the end of irradi-
ation are listed in Table 2. Their estimated activities are also
given.

The radionuclide 140Nd can be achieved in high ra-
dionuclidic purity via both routes due to the absence of
any long-lived co-produced Nd-isotope. The longest-lived
139mNd (EC, T1/2 = 5.5 h) will be present only in negligi-
ble amounts at the end of the target processing (1–2 days
after EOB). However, for in vivo application of 140Nd,
the relatively long-lived 143Pr (β−, Emax = 0.9 MeV, T1/2 =
13.57 d) might be a critical contaminant associated with the
natCe(3He,xn) route. Thus, a special purification of 140Nd
from praseodymium should be taken into consideration, al-
though the basic radiochemical separation strategy aims at
the isolation of 140Nd from macro-amounts of cerium.

3.1.1 Chemical separation of n.c.a. 140Nd(III) from macro
amounts of Ce(III)

As mentioned in Sect. 2.3.1, 140Nd(III) was effectively
eluted from the cation-exchanger in 0.29–0.30 M α-HIBA
solution, whereas Ce(III) was obtained in α-HIBA solu-
tions with concentrations above 0.40 M. After these steps
about 90% of 140Nd(III) could be obtained with an estimated
amount of Ce(III) of ∼ 41 µg, thus leading to a reduction by
a factor of ∼ 104 (i.e. 406 mg →∼ 41 µg). The separation
efficacy of the Nd(III)/Pr(III) pair, on the other hand, was
poorer (Fig. 1). Praseodymium was washed out already in
the range of the concentration 0.31–0.32 M α-HIBA. Never-
theless, the content of Pr(III) was reduced by a factor of
around 20. The second purification step via the small chro-
matographic column yielded additional decontamination
factors > 104 and ∼ 102 for Ce(III) and Pr(III), respectively.
An example of the elution profile is shown in Fig. 3.

The present two-step route of purification of 140Nd(III)
from macro amounts of Ce(III) provided an overall decon-
tamination factor > 108, i.e. resulting in ≤ 4 ng of cerium
remaining. The praseodymium amount was reduced down
to 0.05%. The complete radiochemical procedure lasted
1–2 days with an overall yield of 140Nd of about 90%.
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3.1.2 Chemical separation of n.c.a. 140Nd(III) from macro
amounts of Pr(III)

After processing the 140Nd(III)/Pr(III) lanthanide pair on
the primary chromatography column (Fig. 4) about 85%
of 140Nd(III) could be obtained with an estimated amount
of 121 µg of Pr(III), i.e. reduced by a factor of ∼ 7×102

(85 mg → 121 µg). The estimated decontamination factor
of 140Nd(III) from Pr(III) after the final purification step
(Fig. 5) was > 103. The activity of 142Pr detected in the elu-
ate after processing on the small column corresponded only
to about 8 µg of the metal. Therefore, the separation n.c.a.
140Nd(III)/macroscopic Pr(III) lanthanide pair is performed
by a two-step route. An overall decontamination factor of
> 7×105 could be achieved, i.e. ≤ 0.1 µg of praseodymium
remained in 140Nd. The complete radiochemical procedure
lasted 1–2 days and the overall yield of 140Nd was about
90%.

3.1.3 Comparison of production routes

Radiochemistry

The isolation of 140Nd(III) by means of cation-exchange
chromatography from the target lanthanide material is evi-
dently more efficient if CeO2 is irradiated (decontamination
factor ≥ 108). An efficient purification of 140Nd could also
be performed from macro amounts of Pr(III), but the de-
contamination factor of ≥ 7×105 is evidently lower due to
the direct neighbouring existence of n.c.a. 140Nd and macro-
scopic Pr (∆Z = 1) in the Periodic Table of Elements. For
the system n.c.a. 140Nd/macroscopic Ce, the ∆Z value is 2.
In both cases the amount of the target material remaining in
the separated product was below 1 nmol. The time needed
for the two procedures was the same.

Processing of the praseodymium target was performed
under optimized conditions. The dissolved target was loaded
on to the cation-exchanger directly in NH4

+-form. This ap-
proach avoids erosion of the loading zone and reduces time
of processing and volume of radioactive liquid waste.

Radionuclide production yield

As mentioned above, the theoretical yield of 140Nd via the
141Pr(p,2n) reaction at 30 MeV is by a factor of about 18
higher than that via the natCe(3He,xn) reaction at 33.5 MeV.
However, since the proton energy available at the CV 28
was only 19 MeV, the expected yield of 140Nd via the (p,2n)
reaction over the energy range (E = 18.6 → 16.2 MeV)
was about 30 MBq/µA h [10], i.e. by a factor of about
3 higher than via the (3He, xn) reaction. The practically
achieved 140Nd yields at EOB were about 3.5 MBq/µA h
and 15.5 MBq/µA h in the natCe(3He,xn) and 141Pr(p,2n)
processes, respectively. Considering the chemical compo-
sitions of the target materials and the projectile energies
effective in those targets, the practical yield values corres-
pond to about 41% and 60% of the respective theoretical
values [10]. The relatively low experimental values are pos-
sibly due to the use of wobbled and defocussed beam as well
as due to radiation damage. These factors appear to be more
pronounced in the case of 3He-particle. In view of the much
higher 140Nd overall yield and an efficient isolation possi-
bility, the 141Pr(p,2n)140Nd production route seems to be su-

perior even at 19 MeV compared to the natCe(3He,xn)140Nd
route. 140Nd can be produced with high specific activity and
chemical/radiochemical purity for preparation of metallo-
radiopharmaceuticals.

3.2 Chemical fate of 140Pr in aqueous solutions

The chemical fate of 140Pr in aqueous solutions was studied
by separation of the different chemical forms of the parent
and the daughter radionuclides. The principle of the 140Pr re-
lease is illustrated in Fig. 6. Due to post-effects following the
electron capture decay of the parent 140Nd, 140Pr is formed in
a different chemical form (i.e. not as 140Pr-DOTA species).
It is therefore chemically separable from its parent radionu-
clide.

After absorption of 140Nd-DOTA on the micro-chromato-
graphy column, 140Pr is generated from 140Nd. The accu-
mulation of this 140Pr generated in the eluted 140Nd-DOTA
fractions was studied.

The occurrence of 140Pr activity A140Pr in the 140Nd-DOTA
eluate may be described as follows:

A140Pr = ζ + (A140Nd − ζ)(1− exp(−λ140Pr t)) (1)

where ζ is the breakthrough of 140Pr through the column,
A140Nd the initial activity of 140Nd in the system, λ140Pr the de-
cay constant of 140Pr (3.4×10−3 s−1). While the lanthanide

Fig. 6. A simplified scheme of 140Pr release from the initial complex
after electron capture decay of the parent140Nd.

Fig. 7. Accumulation of 140Pr-activity in the 140Nd-DOTA eluate after
separation of 140Pr(III) on the micro-chromatography column in aque-
ous solution. The solid line represents the fitting of the experimental
data with Eq. (1).
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exchange is inhibited by the kinetic inertness of the 140Nd-
DOTA complex, ζ reflects the fraction of the generated
radionuclide 140Pr retained in the form of a DOTA com-
plex (first retention). An example of data treatment is pre-
sented in Fig. 7. Fitting the experimental data (solid line in
Fig. 7) with Eq. (1) leads to ζ = 0.2(2) %, (R2 = 0.9981).
The estimated inaccuracy in the experimental performance
is 3%–5% and is due to non-instantaneous elution of the
micro-chromatography column.

The main result of the study is that in aqueous medium
not less than 95% of 140Pr formed after the decay of 140Nd is
stabilized in a cationic form, i.e. not as 140Pr-DOTA species,
and escapes from the DOTA complex.

3.3 140Nd/140Pr radionuclide generator

Isolating 140Pr from 140Nd-DOTA by means of cation ex-
change chromatography shows the principle of the hot atom
chemistry-based separation strategy. It is, however, not an
applicable radionuclide generator design, as the radionuclide
generator mother nuclide is mobilised rather than immo-
bilised. Consequently, further research was directed to an
approach of chemically stable binding of 140Nd-DOTA on
a stationary solid phase with subsequent elution of the 140Pr
released in an aqueous phase.

From our experience, DOTA-conjugated peptides (for in-
stance DOTATOC) can be adsorbed on a solid reversed
phase from aqueous solutions with a high distribution co-
efficient, while free lanthanide cations or simple lanthanide
complexes can be eluted. A simplified illustration of the gen-
erator concept is shown in Fig. 8 (left side). The peptide is
bound to the C18 cartridge. Due to the high thermodynamic
stability and kinetic inertness of Ln-DOTA type complexes,
the release of the longer-lived parent radionuclide 140Nd is
inhibited. Post-effects, on the other hand, lead to a release of
the shorter-lived daughter radionuclide 140Pr. The generator
column (Fig. 8 right side) could be operated with standard
single-used syringes. Elution with 1 ml of the eluate could
be performed within about 10 seconds only.

3.3.1 Elution yield

After elution of the generator column, i.e. the C18 cartridge
(Fig. 8, right side), the decay of 140Pr obtained in the eluates

Fig. 8. A simplified illustration of the 140Nd/140Pr radionuclide genera-
tor concept (left side); the generator design (right side).

was studied. The decrease of 140Pr activity in the eluate may
be described as follows:

A140Pr = (ξAact 140Nd) exp(−λ140Pr t) (2)

where Aact 140Nd is the actual (at elution time) activity of 140Nd,
adsorbed on the column and ξ is the fraction of the eluted
140Pr. The ξ-value represents the elution yield of the ra-
dionuclide generator. An example of data treatment after
elution with 1 ml of 10−3 M DTPA is presented in Fig. 9.
Fitting of the experimental data (solid line in Fig. 9) with
Eq. (2) leads to ξ = 0.97(7) (which is 97.5(7) % elution
yield), (R2 = 0.9997). An inaccuracy in the experimental
performance is expected to be not more than 3%–5%.

The elution yield of 140Pr in DTPA, citrate and NTA
solutions is presented in Fig. 10 as a function of the lig-
and concentration. Not less than 93% of 140Pr activity could
be obtained in 1 ml of 10−3 M DTPA eluate. The elution
yield decreased with decreasing ligand concentration and

Fig. 9. The decay of 140Pr after an elution of the generator (2 MBq of
140Nd initial activity) with 1 ml of 10−3 M DTPA solution. The solid
line represents the fitting of the experimental data with Eq. (2).

Fig. 10. Elution yield of 140Pr in 1 ml of aqueous solutions of DTPA
(circles); citrate (triangles); NTA (squares) as a function of ligand con-
centration.
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was around 20% at a concentration ≤ 10−4 M DTPA. The
elution capacity of citrate and NTA was evidently poorer.
About 90% of 140Pr could be eluted only at 0.1 M concen-
tration of citrate and NTA solutions. This obviously is due
to lower complex stability of the trivalent Pr(III) lanthanide
with citrate and NTA ligands. About 20% of 140Pr(III) could
be eluted with 1 ml of pure water.

3.3.2 Breakthrough of 140Nd and radionuclide generator
stability

The stability of the system was evaluated for the genera-
tor with 2 MBq initial activity. Aqueous solutions of DTPA
of 10−3 M concentration were used as eluents. The break-
through of 140Nd in the eluate was measured for at least 10
half-lives of 140Pr after the corresponding radionuclide gen-
erator elution. A constant level of 140Pr was observed, as
generated by the percentage of co-eluted 140Nd.

In order to evaluate the breakthrough of 140Nd in the form
of 140Nd-DOTATOC complex, the generator was eluted at
first with 6 ml of 10−3 M DTPA solution. It allowed removal
of all possible uncomplexed form of 140Nd(III). Immedi-
ately there after the column was washed with 1 ml of the
eluent. In this eluate 140Nd was observed in an amount of
1.5(5)× 10−3% of the actual generator activity. This frac-
tion was referred to as “stable breakthrough” of 140Nd-
DOTATOC, following an elution with 1 ml of 10−3 M DTPA
solution.

The overall breakthrough of the parent radionuclide,
however, was found to increase with the increasing time be-
tween successive elutions. It is mainly because of radiolytic
decomposition of the initial chemical form of the parent
radionuclide (140Nd-DOTATOC) and reflects the integral ra-
diation dose adsorbed in the system. The fixed form of the
parent radionuclide, if decomposed, provides the free form
of 140Nd which will be obtained in the eluate along with
the daughter 140Pr. Therefore, in the presented system the
radiolytic stability can play a key role and has to be quanti-
tatively estimated.

To link the breakthrough fraction, caused by the radi-
olytic instability of the system, with the period of time be-
tween elutions (and therefore with integral adsorbed dose)
a coefficient Kr [h−1] (Fig. 11) was calculated according to:

Kr = (Abr − Aact 140Nd 1.5×10−5)/Aact 140Nd t (3)

where Abr is the breakthrough of 140Nd in the eluate, t [h]
the period of time passed from the last elution. The value
(Aact 140Nd1.5×10−5) considers the constant fraction of 140Nd
washed out in the form of 140Nd-DOTATOC complex. Kr de-
creased proportionally to the decay of 140Nd (solid line in
Fig. 11). It reflects a lower integral radiation dose received
from decreasing 140Nd activity in the system.

By normalization of Kr to the actual activity of 140Nd
Aact 140Nd [MBq], the coefficient K ∗

r [MBq−1 h−1] (Fig. 11)
could be obtained. K ∗

r allows a quantitative evaluation of the
radiolytic stability of the system. Thus for different actual
activity of 140Nd and time between successive elutions, the
breakthrough fraction caused by radiolytic decomposition
can be estimated.

The mean K ∗
r value (solid line in Fig. 12) was derived

to be 4.9(9)× 10−6 [MBq−1 h−1]. Thus for a system with

Fig. 11. Coefficient K r [h−1] (Eq. (3)) as a function of time (observed
from the moment of the generator loading); the solid line reflects the
decay of 140Nd.

Fig. 12. K r [h−1] normalized to the actual activity of 140Nd [MBq]; the
solid line represents the mean K ∗

r value of 4.9×10−6 [MBq−1 h−1] and
the dotted lines give one standard deviation.

an actual 140Nd activity of about 100 MBq and 0.5 h time
lapse after the last elution (time enough for accumulation
of 140Pr activity), a breakthrough of about 25 kBq of 140Nd
(∼ 0.025%) could be expected.

The presented generator design shows high elution yield
and high chemical and radiochemical stability. The activity
of the generated daughter nuclide allows for in vivo PET in-
vestigations and can be provided by a safe and simple oper-
ation in a clinical environment. The developed radionuclide
generator represents the first adequate system, which allows
rapid and efficient continuous separation of two neighbour-
ing lanthanides. The system is applicable to 140Nd/140Pr
but also for pair such as 134Ce/134La. It combines hot-atom
chemistry, in particular post-effects of nuclear transform-
ation, with chemical consequences relevant for lanthanide
speciation. Together with the adequate thermodynamic and
kinetic stabilities of the macrocyclic chelator DOTA, the
concept allows an efficient radiochemical separation.

In the present study, DOTA was selected as the chelate
for 140Nd. However, there are other chelates with adequate
thermodynamic and kinetic parameters relevant for trivalent
lanthanides. In order to design a radiochemical radionuclide
generator design, the 140Nd-DOTA complex was adsorbed
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on a solid resin via an octreotide modification of the DOTA
structure, because the octapeptide octreotide strongly binds
to reversed phase C18 matrices. Octreoide was selected
mainly because of the commercial availability of DOTA-
DPhe1-octreotide derivatives such as DOTATOC. Other pep-
tides may be used as well for fixing the 140Nd-DOTA moiety
to C18 cartridges. Alternatively, the strong adsorption of this
140Nd-DOTA moiety can be arranged by functionalising the
DOTA structure in a variety of different ways, providing
strong binding on different solid phases. Finally, complex
structures may be modified in order to regulate parameters
like lipophilicity, for example, allowing liquid/liquid sepa-
ration systems between organic and aqueous solutions.

Potential directions for 140Nd/140Pr radionuclide gener-
ator applications could be PET studies with simple 140Pr
complexes, such as 140Pr-DTPA. This complex can be use-
ful as a PET tracer, comparable to several DTPA based
Gd complexes as used for MRT or 99mTc-DTPA in SPECT
imaging. Another potentially important application could be
as 140Pr-phosphonate complexes for visualisation of skele-
tal metastases. The radiolanthanide labelled 153Sm-EDTMP
(1,2-diaminoethanetetrakis methylenephosphonic acid) for
example, has useful pharmacological properties and is used
clinically as a radiotherapeutic agent for bone cancer treat-
ment. The phosphonate complexes such as EDTMP are
structure analogues to the aminopolycarboxylates (DTPA,
NTA), providing also high thermodynamic stability of their
complexes. Use of EDTMP as an eluent for the presented
140Nd/140Pr radionuclide generator system could provide
further potentially useful 140Pr-complexes for repetitive in-
travenous injections.

4. Conclusions

The radionuclide 140Nd was produced in quantities between
35 and 200 MBq via the nuclear processes natCe(3He, xn)
and 141Pr(p, 2n) at a medium-sized cyclotron. Even at
a nominal proton energy of 18.6 MeV the yield via the
latter process was about four times higher than via the for-
mer route at 33.5 MeV. Chemical isolation of 140Nd(III)
from macro amounts of Ce(III) and Pr(III) could be per-
formed by cation-exchange chromatography (two purifi-
cation steps only) with overall decontamination factor
from the respective target material of ∼ 108 and 7×105.
140Nd can be successfully used for preparation of metallo-
radiopharmaceuticals with high specific activities.

An efficient 140Nd/140Pr radionuclide generator system
has been developed. It combines an aspect of hot atom
chemistry, in particular post-effects of nuclear transform-
ation, with chemical consequences relevant to lanthanide
speciation. Together with the adequate thermodynamic and
kinetic stabilities of the macrocyclic chelator DOTA, the
concept allows for an efficient radiochemical separation.
The presented generator design shows high elution yield and
high chemical and radiochemical stability. The activity of

the generated daughter nuclide is enough for in vivo PET
investigations and it can be provided by safe and simple
operation in a clinical environment. The developed radionu-
clide generator represents the first satisfactory system, for
rapid, efficient and continuous separation of two neighbour-
ing lanthanides. The system is applicable to 140Nd/140Pr but
also to a pair such as 134Ce/134La.

By virtue of very high elution yield and high chemical
and radiochemical stability, the system is able to provide the
short-lived positron-emitting radiolanthanide 140Pr for PET
investigations. The design resulted in small eluate volumes
and could allow safe repetitive injections of, e.g., 140Pr-
DTPA.

The potential use of 140Nd/140Pr as an in vivo radionu-
clide generator, however, needs to be studied in more detail.
The generation of 140Pr may result in a different chemical
form of 140Pr as compared to the initially applied 140Nd-
labelled compound. This might disturb imaging qualities.
Thus, in contrast to the desired parameters of DOTA ligands,
in vivo generator systems should utilize chemical forms of
140Nd, which prevent release of 140Pr.
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