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INTRODUCTION
 201Tl for radiodiagnostic and toxicological purposes
Since the late 1970s, the readily commercially available univalent cation [201Tl]Tl(I)

(t1/2 = 72.912 h) in “very high specific activity” No Carrier Added form, is a radionuclide of
widespread diffusion, for use in infarction radiodiagnostic and several other cardiovascular
and even cerebral Nuclear Medicine investigations by �-camera and SPECT1-10), even if its
whole body excretion half-life can be considered as long � 10 days 6,11-13. 201Tl decays by EC
(100 %) and emits a principal �-ray at 167.437 keV (10.0 %) greatly Internally Converted (IC)
by the K, L, M, N shells of Hg 14-16). Actually, this emission is a doublet, having a small
component at 165.887 keV (0.155 %). Thus in the analysis of the �-spectra, a total emission
intensity of 10.0 + 0.155 (10.155 %) should be used.
These energies are just in the range suitable for �-camera and SPECT imaging, as well as for
use as a radiotracer to follow the fate of different inorganic and organo-metallic chemical
forms of thallium, in short- and medium-term metallo-toxicological studies on both cell
cultures and laboratory animals. In this last case, also the longer-lived 202Tl (t1/2 = 12.23 d,
EC+ �+ = 100%) can be efficiently used for medium-term experiments 11-13,17-19). On the
contrary, the presence of 202Tl is unavoidable in 201Tl radiopharmaceuticals: it leads not only
to increased radiation dose to patients, medical and paramedical personnel and the general
public, but the medium energy �-rays emitted by 202Tl (439.56, 520.13 and 959.7 keV, 16))
contribute to increased signal to noise ratios and to the degradation of the contrast of SPECT
images. 

201Tl production method and radionuclidic purity
201Tl (t1/2 = 72.912 h, EC 100%) produced in charged-particle accelerators, is always

contaminated by variable amounts of 200Tl (t1/2 = 26.1 h, EC+�+ 100%), 202Tl (t1/2 = 12.23 d,
EC+�+ 100%) and even by the short-lived 199Tl (t1/2 = 7.42 h, EC+�+ 100%) and 198m,gTl.
In-fact, many production methods have been developed for this radionuclide, based mainly on
proton-induced nuclear reactions, due mainly to both cost and technological considerations. In
general, due to the lower stopping power and lower specific power dissipated into the target
(kwatt/g), high-energy proton reactions are envisaged 20-23). Nuclear reactions induced by
proton, deuteron, alpha, He-3, as well as high-energy proton and alpha spallation reactions,
have been studied. We can group them in two main categories:

(1) Indirect nuclear reactions and/or followed by decay charging like:



Tl(p,xn), Tl(p,3n), Tl(p,5n), Tl(p,3n+5n)201(m+g)Pb � , on both natural and enriched
203,205Tl targets, in cyclotrons of Class II or III 20); 

209Bi(p,9n)201At � 201(m+g)Po � 201(m+g)Bi � 201(m+g)Pb � , and natural/enriched
206Pb(p,xn)201(m+g)Bi � 201(m+g)Pb � (as a summary (p,xpyn), (p,X) 201(m+g)Pb � ), in
higher energy (> 80 MeV) cyclotrons of class III 20). 

(2) Direct nuclear reactions:
On both natural and enriched solid mercury oxide or liquid mercury targets, such as

natHg(p,xn) and 202Hg(p,2n), nuclear reactions were studied 23,13,24,17,18). Obviously, 201Tl
cannot be produced by direct 197Au(�,xn) reactions, but only other less useful thallium
radionuclides like: 200Tl, 199Tl, 2198mTl and 198gTl.

Some evaluation of experimental data and calculated cross sections by the ALICE and
other codes like STAPRE and OSCAR, have been carried out by some authors in the proton
energy range up to 100 MeV. A compilation of the most reliable cross-section data for 201Tl
production was published recently as an IAEA-TECDOC document (IAEA, 2001) 25).

In practice, No Carrier Added [201Tl]Tl is always diluted in a variable amount of both
stable and radioactive nuclides of thallium itself (in practice of mass number: A=198-204).
The only two stable nuclides of thallium in a target of natural isotopic composition are: 203Tl
(29.524 %) and 205Tl (70.476 %) 16). Furthermore, 201Tl is sometimes contaminated by non
radio-isotopic impurities, like 203Pb (t1/2 = 59.408 d, EC 100 %) and 201Pb (t1/2 = 59.408 d,
EC+�+ 100 %) and others, whose content is due to radiochemical separation yield of thallium
radionuclides from both lead, mercury, bismuth and other parent radionuclides.

A usefull parameter to quantify the NCA condition of a radionuclide of decay constant �
= ln 2 / t ½ (s-1), of a given chemical element, is the Isotopic Dilution Factor, IDF. It is a non-
dimensional quantity, increasing exponentially with waiting time t (s) after the End Of
radioChemical Processing (EOCP), defined as:

IDF (t) = number of atoms of same element / number of atoms of radionuclide of interest =
=  SA (CF) / SA (t)   =  IDF° exp (� t)  ,  that is always   �   IDF°

   (1)
SA(CF)  =  � / Na   (Na  =  Avogadro’s constant)

   (2)
where, according to Alfred P. Wolf (1981) 26), the real specific activity obtainable in NCA
form, SA(NCA) is normally lower than the CF one of a factor from a few units up to several
thousands. 
201Tl theoretical specific activity (SA-CF) in a truly Carrier Free (CF) form is 7.9 GBq/�g (see
Tabs. 1 and 2). We obtained Isotopic Dilution Factors at the EOCP (IDF°) ranging from two to
some tens, by using appropriate high purity targets, chemicals and teflon-PFA equipment
11,13,17-19,27), determined by graphite furnace atomic absorption spectrometry (GF-AAS),
inductively coupled plasma optical emission spectrometry (ICP-OES) and anodic stripping
voltammetry (ASV).

In Tab. 2 are reported the decay modes and main emissions of the radionuclides
concerned with this work. In order to have NCA 201Tl it is necessary to adopt suitable



radiochemical separations from irradiated target. Different methods are studied and published
long the years.
TAB 1: Theoretical (CF) (GBq/�g) (calculated from Firestone, 1998 16)) and “experimental”
IDF	 of various thallium radionuclides produced by Tl(p,xn)201Pb � , and Hg(p,2n) nuclear
reactions on thallium and mercury targets of natural and 98.6 % enriched composition 17,28).
In these cases the specific activity obtained is Nearly Carrier Free (NCF). 204Tl produced in
nuclear reactor by  Tl(n,�) reactions  presents a very low specific activity, even at saturation

irradiation. 
IDF° is the experimental isotopic dilution factor at the EOCP (see text).

Tl
RN

Target 203Tl
29.52 % IDF° Target 203Tl

100% IDF°
Target
natHg

29.86%
IDF°

Target
202Hg
98.6%

IDF° SA
(CF)

198m 62004

198g 21977

199 7.3 10.8 24.6 3.2 14.5 5.4 48.7 1.6 78.525

200 2.1 10.6 7.0 3.2 4.1 5.4 13.9 1.6 22.212

201 0.74 10.7 2.5 3.2 1.5 5.3 5.0 1.6 7.912

202 0.18 10.9 0.61 3.2 0.2 9.8 0.67 1.6 1.956

204 70E-6 high ! 238E-6 high ! 0.0172

Amongst the various possible isotopic and non radioisotopic impurities, the 202Tl, due
to its longer half-life, increases its percentages in [201Tl]labelled radiopharmaceuticals, the
longer is the time after the End Of radioChemical Processing (EOCP). Radiochemical purity
must be checked to ensure that thallium is present in univalent state, because thallium(III)
oxidation state and chemical forms present a quite different metabolic fate 2,4,5,7,24,28).

Origin of 201Tl radionuclidic impurities
In practice, the percentage of radionuclidic impurities, depends on nine physico-

chemical parameters: a) Nuclear reaction chosen; b) Enrichment of irradiated target; c)
Incident projectile energy; d) Energy loss in the target itself; e) Radiochemical processing
adopted; f) Irradiation and cooling times from the EOB and the various radiochemical
separation steps adopted, EOCP; g) Storage and waiting times from the EOCP and the time of
injection to patient; h) Presence of stable impurities in target material; and finally, i) possible
cross contaminations due to nuclear medicine “bad laboratory practice” 29). 

It is evident that in despite of the lower yield, the medium-lived 202Tl constitutes the
main problem from radioisotopic contamination point of view. Remember that the whole



body clearance time of thallium in humans is of the order of 10 days. In fact, a few days after
the EOCP, any [202Tl]labelled RPs must be considered as expired. Conversely, whenever is
present, 200Tl constitutes a problem due to its high-energy gamma emissions. We and other
authors showed since many years 28), that in principle it is possible to obtain 201Tl, with a
radioisotopic purity greater than 99.9 % mainly by use of proton induced nuclear reactions on
natural and enriched Tl, Pb and Bi targets, and a good choice of both incident proton energy
and energy loss in the target itself 28,30-32). The production method we developed in Milano,
based on direct 202Hg(p,2n) reactions on enriched 202Hg target, leads to an overall
contamination by 199Tl + 200Tl + 202Tl, not lower than 3 % at the End Of an Instantaneous
Bombardment, EOIB, with a thick-target yield for 201Tl, quite similar to that obtainable by
the Tl(p,xn) routes 27,33). Nevertheless, the alternative production method we studied, leads to
a very high specific activity thallium radiotracer, that can be considered Nearly Carrier Free
(NCF), with an IDF° of the order of 2-5 13,17), at the EOIB 34).

TAB 2: Decay mode, principal gamma emissions and intensities (%) and Carrier Free Specific
Activity of main cyclotron produced thallium and lead radionuclides 16).

Radio
Nuclide

T ½ Decay mode E-�
(keV)

�

(%)
SA (CF)
(GBq/�g)

Tl-199g 7.42 h EC+�+ = 100%

455.46
208.20597

247.26
158.37947

many others

12.40
12.28
9.30
4.96

78.525

Tl-200g 26.1 h EC+�+ = 100%

367.943
1205.717
579.298
828.230
many others

87.20
29.91
13.78
10.81

22.212

Tl-201g 72.912 h EC = 100%
167.43
135.34
165.88

10.0
2.565
0.155

7.912

Tl-202 12.23 d EC+�+ = 100%
439.58
520.11
959.70

91.40
0.585
0.069

1.956

Tl-204



Pb-204

3.78 y

1.4 E17 y

�- = 97.10%
EC = 2.90%
� stable

763.62 EndP
no �

0.0172

4.63 E-19

Pb-201g 9.33 h EC +�+= 100%

945.96
907.56
692.37
584.55

many others

7.36
5.70
4.27
3.56

61.828



Pb-200 21.5 h EC = 100%

147.63
257.17
235.62
268.38

many others

37.73
4.46
4.30
3.96

26.965

Pb-202m 3.53 h EC = 9.5%
IT = 90.5%

960.97
422.18
786.99
657.49

many others

91.63
85.66
49.80
32.40

162.61

Pb-202g 5.25 E4 y EC > 99%
� < 1%

no �
2547 � 0.01 1.25 E-06

Pb-203 51.873 h EC = 100%
279.20
401.32
680.52

80.80
3.35
0.75

11.011

On the other hand, the recent update of USP 24 (2000) 35) is not very strictly and allows
the use of 201Tl, with radionuclidic purity not lower than 95.0 ! It is evident that producing
201Tl with a radionuclidic purity larger than 95 %, even it is possible in principle, would
decrease sharply the production yield, increasing at the same time the unit cost of the
radiopharmaceutical compound.

In our experimental measurements during about 20 years 29), on a wide range of
commercial samples of [201Tl]thallium(I) chloride RP for i.v. injection, we found variable
amounts of the various radionuclidic impurities mentioned above. In particular, most of them
contain 202Tl, in percentages varying from 0.5 up to 5 %, before the expiration time of the RP
itself 29). The medium-lived 202Tl emits some �-rays of medium energies (439.56, 520.13 and
959.7 keV) 16), which contribute in increasing the S/N ratio and the degradation of �-camera
and SPECT images contrast. Moreover, the emission intensities ratio of 439.56 (202Tl) to
167.43 keV (201Tl) �-peaks of 0.941/ 0.10 = 9.41, is a further disadvantage from this point of
view.

Conversely, 200Tl content is negligible in most cases due to its the short half-life and
normally does not constitute a problem from both dosimetric and rad-waste point of views.

MATERIALS AND METHODS
The �-spectra have been acquired by multichannel analysers, MCAs (EG&G ORTEC)

connected to 50 cm3 coaxial HPGe detectors, with intrinsic efficiency of 15 % (EG&G
ORTEC), and a peak to Compton ratio of 30:1 at 1332.50 keV, FWHM 2.3 keV (60Co point
source). We used channels/keV conversion ratio of about 2:1. The liquid samples of
[201Tl]labelled RP (2 ml) were enclosed in 20 ml volume, 2 mm thick, glass scintillation vials
(Beckman, USA).

The point standard sources and the samples were put at 25 cm distance from detector in
order to neglect the need of geometry corrections. Moreover, in general, this precaution
decreases the probability of random summations and piles ups 36,37). Nevertheless, in the
present case, the RNs under study do not present cascade emissions and their emission



energies do not allow escape peak formation. Finally, in the present study, the absolute value
of sample activity was not relevant. Nevertheless, the relative activities of the various RNs,
have been measured by use of a calibrated 152Eu wide energy range �-source (CIS, France).

Experimental set-up to increase the sensitivity of 202Tl impurity detection
It is evident that by use of a high-resolution gamma spectrometry, with HPGe detector,

connected to a MCA, a �-peak at 439.56 keV (202Tl impurity) can be easily detected and
discriminated by lower energy peaks at 135.34 keV, 167.437 keV (201Tl) and 357.943 keV
(200Tl). Nevertheless, in practical Nuclear Medicine, it is advisable having an accurate and
reliable determination of the impurity content in the shorter counting time as possible.
Furthermore, in many Nuclear Medicine departments, high-resolution HPGe detector based
spectrometers are not available. In fact, in order to determine the impurity, it is advisable to
count a higher activity as possible (a small aliquot of the RP compound) for a short time. But,
a total activity greater than some kBq (a fraction of �Ci) gives a counting rate of several
thousands Hz, mainly due to the 201Tl gamma emissions at 135.34 and 167.437 keV, their
continuous Compton spectra towards the lower energies and Hg X-rays. Moreover, the 10 cm
thick Pb shielding of HPGe detector, produces Pb X-rays fluorescence photon back-scattering
and electron brem�trahlung. To reduce this last effect, the HPGe cup was enclosed in a 15
mm thick perspex box (25 x 25 x 25 cm). The most undesirable effects of high counting rates
are the increasing of counting dead time, DT, and probability of spurious effects like random
summation and pile-ups 36,37), that leads an intolerable underestimate of sample activity. It is
easy to show, by use of a constant frequency pulse generator (BNC, mod. PB-4, USA) that,
with spectroscopy amplifiers like: EG&G ORTEC, mod. 572 and 672, connected to multi-
channel buffers like: EG&G ORTEC, MCB 918A or 919, the counting time correction
electronics fails for DT values larger than 5-10 % and that there is an unexpected dependence
of DT correction electronics vs. pulse generator gain.

In practice, as a rule for Good Laboratory Practice, in order to have an accurate activity
determination, by high-resolution HPGe gamma spectrometry, it is advisable counting small
activities (a well known aliquot of radioactive sample), with counting DTs < 5%.

A few theoretical considerations
As a crude assumption, let us describe the absorption of a parallel photon beam of

intensity I	, in different materials of thickness �x, with the simplest equation (3):

I / I	  =  2  (- �x / d
1/2

 )     (3)
where: d1/2 is the half-thickness of the absorber 16), calculated by use of the atomic photon
cross-sections 38).

For a couple of photons of different energy, the ratio between the two absorption
coefficients can be defined as by equation (4):

R = (I1 / I1�) / ( I2 / I2�)  =  2 - �x (1/ d
1

1/2  -  1 / d
2

1/2 )  =  2  - �x K
     (4)

Some calculated values of R are reported in Tab. 3 for different Z element absorbers.
Secondary effects, produced by the scattering of emitted photon and electron beams both into
the absorber itself and detector, as well as the fact that both source and detector have not point
geometry, have been considered also. These effects, must be taken into account mainly to
determine the effective exposure of a gamma/electron source outside a shielding material.

FIG. 1: Absorption ratio R in Pb for 167.437 keV
(201Tl) to 439.56 keV (202Tl) gamma emissions,
calculated by eq. (4).



Nevertheless, the experimental results obtained
in this work, showed that these effects would be
neglected for our purposes.

Thus, in order to both reduce the pile-up
and DT correction errors due to the high
counting rate, we counted the 201Tl (202Tl,
200Tl) samples, shielded by a 5 mm thick cyclindrical envelope of lead. With this counting
arrangement, the overall counting rate is decreased, while the ratio between the high-energy
peak region and the low energy one is increased significantly. The ratio of the absorption
coefficients (atomic photon cross sections) for the 167.437 of 201Tl and 439.56 of 202Tl is
reduced to 0.0843 (Tab. 3, Figs. 1 and 2). It is possible in this way to count larger activities,
having a sharp decrease in DT, random summation and pile-up peaks and other spurious
effects. In particular, the lead shielding decreases the overall counting rate of a factor 670
(1150/1.71), in the energy range 95-335 (Fig. 2).

TAB. 3: Calculated absorption ratios, R, between the principal �-emissions of 201Tl at 167.43
keV (10.0 %) and 202Tl at 439.58 keV (91.4 %), for different thickness of element absorbers.
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FIG. 2: Experimental ratios of net areas of 439.56
keV photo-peak of 202Tl to the 167.437 keV photo-
peak of 201Tl , in a commercial sample of [202Tl]-
thallium (I) chloride in saline. Decay corrected (open
points, lower) and uncorrected (full points, upper).



TAB. 4: Experimental ratios of net areas of 439.56 keV photo-peak of 202Tl to the 167.437
keV photo-peak of 201Tl in a commercial sample of [202Tl]thallium(I) chloride in saline, vs.

Pb thickness Dx (decay corrected to time zero, left and uncorrected, right).

R                               decay time (hours)  ------>                                                  

DX (mm) 0.00  19.65  48.08  

0.0 1.486E-02 1.494E-02 1.451E-02 1.687E-02 1.860E-02 2.649E-02

 3.57  26.82    

1.0 4.208E-02 4.330E-02 4.000E-02 4.888E-02   

 1.98  23.42  45.32  

2.0 5.012E-01 5.098E-01 4.741E-01 5.661E-01 5.020E-01 7.015E-01

 3.75  29.80 51.58  

5.0 1.630E+01 1.724E+01 1.687E+01 2.192E+01 1.831E+01 2.807E+01



RESULTS AND CONCLUSIONS
The shielding of [201Tl]labelled radiopharmaceuticals, by a high Z absorber (Pb), is

effective for counting larger activities of the sample in a shorter time, with a sharp reduction
of both continuum Compton spectra of 201Tl photo-peaks, X-rays background, random
summations and pile-ups. An experimental gain on counting ratio of 20 � 1 is obtained with a
5 mm thick Pb shielding (Fig. 3 and Tab. 4). This counting set-up, allows the accurate
determination of the long-lived radioisotopic impurity 202Tl at levels of the order of 0.01%,
with short counting times and acceptable counting dead times (few %). Thus, if the only
“high” energy radionuclidic impurity in 201Tl is 202Tl, it is possible to calibrate the MCA-
chain for both energy and efficiency, with a wide energy range shielded calibration sources
(i.e.: either solid 226Ra or liquid 152Eu), and obtain a sharp increase of sensitivity, lower DT
and shorter counting times.
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FIG. 4: Radionuclidic purity (activity %) of a
commercial sample of 201Tl, vs. waiting time
since the Certification Time (CT=0). The
201Tl activity percentage reaches a value of
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FIG. 3: Comparison of two �-spectra of the same 201Tl
sample, containing 200Tl and 202Tl impurities. The 5 mm
Pb shielded spectrum is multiplied of an offset factor of
12  (only for presentation purposes). The only significant
�-peak detected in the 800 – 4096 channels range, is that
due to 40K at 1460.830 keV (glass vial and natural
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In Fig. 3 are compared two �-spectra of the same sample of [201Tl]thallium(I) chloride
(Mallinckrodt Medical B.V., Ltd.) counted in both a 2 mm thick glass vial and in the same
vial shielded by a cyclindrical, 5 mm thick, Pb envelope (counting chain: EG&G ORTEC,
mod. 572 spectroscopy amplifier, MCB mod. 919). The activity composition of the sample at
certification time (December 19/2000, 06.00 p.m.) was: 201Tl = 99.51 %, 200Tl = 0.0899 %,
202Tl = 0.40 %. In accordance with the USP 24 (2000) 35) this sample expired 97 hours (1.33
t1/2 of 201Tl) from CT (Fig. 4). Under the previous conditions it is possible to measure the
radionuclidic contaminant 202Tl, even with ionisation chamber dose calibrators (like Capintec
CRC-30, USA). The same method is effective in order to evaluate contamination by the short-
lived 200Tl, even if in practical cases this radionuclide is present in negligible amounts (see



Figs. 3 and 4). The use of “low background” depleted uranium (DU) instead of lead, as
shielding material, due to its higher Z and density, would be a further improvement of this
quality assurance technique, by use of a thinner shielding envelope. Some preliminary results
of present novel Quality Assurance method were recently presented in international meeting
39) and international journals 39,40).

Finally, it is well known that, the same principle is extensively used in nuclear medicine
departments, to evaluate content of 99Mo (822.972 keV, 960.754 keV, t1/2 = 65.94 h) break-
through, coming from 99Mo/99mTc generators, in [99mTc]labelled RP compounds (140.511
keV, 89.06%; 142.63 (weak) keV, t1/2 = 6.01 h).
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