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Abstract

The production of 191Pt and 188Pt by cyclotron irradiation can be carried out by direct
reactions using o and proton beams on osmium and iridium targets respectively. The lack of
data in the literature concerning the excitation functions for these nuclear reactions makes the
optimization of the irradiation parameters impossible. This report includes a review of the few
nuclear data available in the literature, some theoretical predictions about the beam energy
necessary for the production of the two radioisotopes of interest and the results of some
preliminary irradiations carried out with the variable energy cyclotron of JRC-Ispra (VA, Italy)
of the EU at three different energies: 35 MeV for protons, 22 and 33 MeV for o particles.



streams of motorvehicles, makes it necessary to carry out toxicological studies on the possible
effects of the emission of some trace metals, such as platinum, palladium and rhodium, on
biological matrices (1.2.3). The extremely low environmental concentration of these metals
(4.3.6.7) requires a very sensitive analytical technique, such as the use of High Specific Activity
Radiotracers (HSAR), to investigate their metabolic behaviour at low doses ®

Among the Pt radioactive isotopes that can be produced by proton, deuteron or a
beams, the most interesting from the half-life point of view (%:10) (T,; comparable to the
duration of the biological experiments envisaged) are reported in Table 1. Each production
method shows different problems, related to the choice and preparation of the target, to the
radiochemical separation adopted and to the spectral interferences among the radioisotopes
produced. We will take into account only %2Ir(p,xn) and 23!Os(o.,xn) reactions; the PatIr(d,xn)
reactions are not considered because the production yield (1) for (d,xn) reactions is generally
lower than that of the (p,xn). This depends mainly on two reasons: i) the maximum energy
achievable in AVF cyclotrons for deuteron beams is the half of the corresponding value for
protons, ii) deuteron stopping-power is greater than that of protons of the same energy.
Furthermore, the Ir/Pt radiochemical separation shows relevant problems, due to the very low
Ir chemical reactivity, whereas the Os/Pt radiochemical separation is more known and tested
(12.13,14,15,16,17)

In Table 2, the main radioisotopes produced by side reactions, such as "tr(p,p xn) and
natQg(c,p xn) or MtOs(a.,2p xn) with their Q-value, threshold energy (Th E), Incident particle
Coulomb Barrier (ICB) and Outgoing particle Coulomb Barrier (OCB) are reported.

The state of the art concerning Pt radiotracers produced either by cyclotron or by
reactor irradiation is not exhaustive. The results of the search carried out in the literature is
reported in the references: some notes regard Pt isotopes employed in the biomedical field
(3,13,18,19,20,21)  others provide only some thick-target yield values (total beam energy
absorption) for p or  particle irradiation (14.15).

In the cited literature, no data are reported about the thin-target excitation functions for
Pt isotopes production by charged particles. For this reason, the optimized irradiation
parameters (target thickness, beam energy, beam current intensity and irradiation time) can not
be exactly predicted but can only be estimated by theoretical considerations (Th E, ICB) 22),
Moreover, some preliminary irradiations were necessary in order to select the most suitable
energy to keep the production of radionuclidic interferents down.

Our interest was focused on 188Pt and 191Pt, because their characteristics are a good
compromise among a T}/ suitable for medium term biochemical studies, reasonable Y-
emission abundances, good y-energies and few spectral interferences, as can be seen from
Table 3. 189Pt (721.5 keV, 5.5%), 193mPt (135.5 keV, 0.11%) and 195mPt (98.88 keV,
11.4%; 129.77 keV, 2.8%) have poor emission characteristics in both energy and abundance
(9,10)



EXPERIMENTAL

The irradiations were carried out with the SCANDITRONIX MC40 cyclotron of the
JRC-Ispra of the EU, whose maximum energy is 38 MeV for both proton and o beams.
Iridium metallic foils (Ir > 99.9 %, Goodfellow Metals - UK) and some osmium powdered
targets (Os LAB purity, Merck - FRG), pressed at 100 kg/cm? between two aluminium foils
16 um thick, were used. Table 4 reports the target thickness, the beam and the energy used,
the irradiation time and the integrated charge for the various experiments carried out.

Small aliquots of the chemically dissolved irradiated targets were analyzed by Y-
spectrometry with HPGe detectors (EG&G Ortec - USA) accurately calibrated in both energy
and efficiency using 226Ra and 152Eu certified y-sources (Amersham, CEA). The radioisotopes
decay was followed from 24 hours to 2 months from the End Of Bombardment (EOB) in
order to detect the medium and long T/, isotopes. For each y-emission that seemed to be not
contaminated, the corresponding radionuclide activity at the beginning of the Y-spectrum
measurement A(tggy) versus time from the EOB was reported, where the expression
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was employed in the case of presence of a father radioisotope (F). In these relations A=
radionuclide decay constant, &, = y-emission abundance, €&y = equipment detection efficiency
for the selected y-emission, Cy = net experimental counts, At = real counting time, D(At) =
decay factor during measurement, Ag = father decay constant and AE%® = father activity at the
EOB. In both cases, A(tgopm) is calculated considering the radioisotopes decay during the data
acquisition. Whenever the curves obtained by eq. (1) and (2) did not turn out as the
hypothetical ones, the y-emissions per unit time (C,/ (87 At)) were employed for the graphs.
The same replacement occurred if a theoretical interference was expected.

Fig. 1, 2, 3 and 4 show the decay curves for 188Pt and 191Pt (calculated using the
underlined emissions in Table 3), that were fitted to obtain their activity at the EOB and to
determine the production yield at the End of an Instantaneous Bombardment (Ygos, 1.€.: T —
0) for MatIr(p,xn)!88Pt, Matlr(p,xn)191Pt, MatOs(ct,xn)!88Pt and Pat0s(a,xn)!91Pt reactions. The

relation applied to obtain these values is:
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where G(1) =

e is the growing factor during the irradiation time T and Q is the total
—e

beam charge collected. The choice of the y-emission at 456.5 keV for the 191Pt activity
calculation depends on a higher detection sensitivity (taking into account the Compton
background) with respect to the 172.2 keV emission, whose abundance value is however
slightly superior (-10),

Fig. 5 shows the 155 keV y-emission of 188Ir, produced by both direct reactions and
I88pt decay; in this case, the Ygorg was not calculated. In order to determine the contribution
to the production of 188Ir by direct reactions and by !88Pt decay, it was evaluated the

experimental T , that is the time of the maximum of the 138Ir growing curve. If the

contributes of the direct reactions were important, the T., would disagree with the theoretical
value T" =(InA—InX.)/(A—X;)= 127.9 h. Since the experimental T* = 129.5 h, we
concluded that the direct (a0 xn) reactions are negligible under these irradiation conditions.
The same conclusions can be obtained for the (p,xn) reactions.

Fig. 6 and 7 show the 539 keV y-emission of !91Pt produced via MatIr(p,xn) and

natQs(o,xn) reactions; in both cases it is contaminated by 188pt—2£188]r__* 1880 Sjnce
Ap < A, a transient equilibrium between the two isotopes is established; for this reason, after
the T" =(InA—In)X;)/ (X —A;), the daughter 138Ir appears to decay with the father's half-
life. In order to determine the yield value for 191Pt and to compare it with that obtained from
Fig. 2, we carried out an exponential fit of the last experimental points of Fig. 6 (from tgpg >
11 T™ = 800 h) due to 188Pt and 188Ir. The straight line obtained in the logarithmic scale was
used to subtract the contribution of these two isotopes to the total y-emissions per unit time
for tgog < 400 h. The data obtained are related only to 1°IPt and, by another exponential

regression, the EOB activity for this isotope can be calculated.

Radiochemical separation

As explained in the introduction, even if the yield obtained by MalIr(p,xn) reactions is
larger then that of the Ma'Os(c,xn) reactions, it was not possible to dissolve in any chemical
medium the iridium targets (both metallic and powdered) at a reasonable rate. For this reason,
the second production method was chosen.

Fig. 8 shows a simplified scheme of the Pt/Os radiochemical separation developed in
order to obtain No Carrier Added !91.188Pt. The powdered osmium target was dissolved in
aqua regia, dried and then treated adding concentrated nitric acid. The osmium tetra-oxide was



distilled off by boiling, while the platinum containing residue was dried and redissolved in
concentrated hydrochloric acid and then diluted with water. The platinum was reduced by
Sn(IT) to the divalent state and then purified from Sn(II) by extraction with ethyl ether from 3N
HCI. Then the ether solution was dried and the residue redissolved in physiological solution. No
other nuclides than platinum ones were detected in the final solution. The chemical separation

yield was greater than 70%.

RESULTS AND DISCUSSION

Table 5 reports, for each target, the experimental thick-target yield for the Pt
radiotracers of interest and some values of the radionuclidic interferents evidenced. The
radionuclidic impurities not reported in this table were not detected due to either their too
short half-lives and/or inadequate y-emissions. The yield values of the (p,xn) reactions are
much more larger than those of the (c,xn) for both !91Pt and 188Pt; moreover, the ratio
between the two radioisotopes activity is different in the three cases: 2.1 for the Ir foil, 42.5
for TAR.1 and 15 for TAR.2. These different results can be explained considering that, apart
from the different half-lives, !88Pt is produced into the Os targets mainly by 1360Os(c,2n)
reaction and 1860s has a scarce isotopic abundance; on the contrary, 191Pt is produced by
(o, xn) or (p,xn) reactions induced on stable isotopes of Os and Ir respectively, that have a high
isotopic abundance.

From Fig.1, 2, 3 and 4, it was calculated the experimental T;, (related to the straight
line slope) of the radioisotopes considered. Comparing these results with the corresponding
listed values, we concluded that the selected y-emissions for the yield values calculation were
the best choice in our experimental conditions. Furthermore, the correlation coefficient for all
the graphs is higher than 0.999.

The analysis carried out on Fig. 6 gives 840 MBq/C for the yield value for 1°1Pt. Even
if this result is different from the value of Table 5, it is acceptable considering that the analvsis
method used to determine it has a rough precision. On the contrary, in Fig. 7 the deviation
from the straight line is not valuable and the resulting T/, differs from the listed value for less
than 0.3 %. Therefore, from the radionuclidic purity point of view, it seems more

advantageous the production of 191Pt based on the (c,xn) reaction method.

CONCLUSIONS

In order to investigate the metabolic behaviour of platinum, released in significant
amounts from the automotive catalytic converters, the use of the High Specific Activity (HSA)



y-emitting radiotracers 188Pt and !91Pt represents a very powerful tool. They both can be
produced by cyclotron irradiation with proton and o beams and, in the latter case, can be
radiochemically separated from the target to obtain No Carrier Added (NCA) tracers.

In this report it was described the production methods adopted in our laboratory in
order to produce 191Pt and !88Pt. Two methods were investigated; each of them has different
aspects to consider: the reactions induced by protons on Ir of natural isotopic composition
show higher yield values with respect to the MQs(o,xn) reactions for the tested energies; on
the contrary, the Ir/Pt radiochemical separation was abandoned because of the extremely low
dissolution rate of the target. The activity calculation should be carried out on different y-
emissions for each isotope, depending on the production method adopted. Concerning 191Pt,
we found that the 456 keV y-emission was the best choice for the two considered methods
even if, in the case of MQOs(a,xn) reactions, it could have been used also the emission of
highest abundance (539 keV) for several days after the preparation of the tracer. As far as
188Pt is concerned, all the y—emissions present a theoretical interference; however, since the
interferent !39Pt has a short half-life with respect to 183Pt, the 140.3 keV y—emission was used

for the yield calculation.
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TABLE 1 - Pt radioisotopes produced via (p.xn), (d,xn) and (a,xn) nuclear reactions on Par
(1911 37%, 1931r 63%) and MatOs (1840s 0.02%, 1860s 1.58%, 1870s 1.6%, 1380s 13.3%, 1390s
16.1%, 19005 26.4%, 19205 41.0%) (9-10) with their Q-value, threshold energy (Th E) and Incident
particle Coulomb Barrier (ICB), reported if lower than Th E.

Radioisotope T2 Production reactions Q MeV) Th E (MeV) ICB (MeV)
18%py 10.2d 191fr(p 4n) -23.9 240 -
1911r(d,5n) -26.1 26.4 -
1860s(x.2n) -18.9 19.3 21.3
18705(c..30) 2252 25.7 -
1830s(.41) -33.2 33.9 -
189py 1089 h 191fr(p,3n) -17.1 17.2 -
19311(p.5n) 311 31.2 -
19111(d.4n) -19.4 19.6 -
19311(d.6n) -33.3 33.7 -
1860s(ax,n) -12.1 12.4 213
18305((1_3n) -26.4 27.0 -
191pyg 29d 1911r(p.n) -1.8 18 11.4
1931r(p,3n) -15.8 15.8 -
19111(d, 2n) -19.6 19.8 -
1931r(d.4n) 214 21.6 -
1880s(a.n) -11.1 11.3 212
1890s(ax,2n) -17.0 17.4 212
19005(0_’3“) -24.8 253 -
193mpy 433d 1931r(p,n) -1.0 1.0 11.4
19311(d,2n) 3.1 3.1 11.0
1900s(ct.n) 9.9 10.1 2122
1920s(x,3n) -19.4 19.8 .
193mpy 1024 19205(a.n) -5.1 52 21.1




TABLE 2 - Main radioisotopes produced by ™tr(p, p xn) and "tOs(a, p xn) or natQs(a, 2p xn)
with their Q-value, threshold energy (Th E), Incident particle Coulomb Barrier (ICB reported if
lower than Th E) and outgoing particle Coulomb Barrier (OCB).

. . Production Q MeV) Th E MeV) ICB Th E +OCB
Radioisotope Tin reactions MeV) (MeV)
1871¢ 105h 1911r(p.p 4n) 293 29.4 - 40.9
1840s(a.p) 9.4 9.6 213 21.1
1860s(a.p 2n) 243 248 - 36.3
18705((1.[) 3n) -30.6 31.2 - -!2.7
1880s(ct.p 4n) -38.5 39.4 - 50.9
1881y 1.73d 1911r(p,p 3n) -22.6 22.7 - 342
1860s(0.p n) -17.6 18.0 21.3 29.5
13705((1.p 2n) -23.9 244 - 35.9
mostop3n | TC g : 501
1890s(c.p 4n) AL : - :
1891 13.2d 1911r(p,p 2n) -14.4 14.5 - 25.9
1931r(p,p 4n) -28.4 28.5 - 40.0
1860s(a.,p) 9.4 96 213 211
1870s(at,p n) -15.7 16.0 213 27.6
moapmm | BT B2 |
> Os(a.p 3n) 37.4 38.2 . 197
1900s(q.p 4n) : : :
1901¢ 11.8d 1911r(p.p n) -8.1 8.1 11.45 19.6
1931r(p,p 3n) -22.04 22.1 - 33.6
1870s(a.,p) 9.4 9.6 212 21.0
1880s(aL,p n) -17.36 17.7 212 29.2
moscpam | |47 : 2
1900s(a.p 3n) -31.0 : i :
190mlyy 12h 1911r(p,p n) 8.1 8.1 11.45 19.6
1931(p.p 3n) 22.1 2222 - 33.6
1870s(a.p) 9.4 9.6 212 21.1
1880s(oL,p 0) -17.4 17.7 212 29.2
wosapam | 9| T : 2
1900s(a,p 3n) - : i :
190m21y 32h 1911¢(p,p n) -8.2 8.3 11.45 19.8
l?:;r(p.p 3n) -22.62 292.73 21- , ;ig
Os(a.p) -9. . . .
18805(at,p n) -17.5 17.9 21.2 29.6
voapm | BT\ RS |
1900s(a.p 3m) o . :
191m]y 49s 1931r(p,p 2n) -14.1 14.2 - 25.7
18805(at.p) 9.4 9.6 212 21.1
1890s(acp n) -15.4 ;;; 212 §'5/ (1)
mos@p2n | g 333 : 1“7

1920s(a.p 4n)




TABLE 2 - continued

10

1921y 74.02d 1931r(p,p n) 7.7 78 114 19.2

1%90s(a.p) 9.0 9.2 21.2 20.8

1920s(c.p 3n) -30.1 30.7 - 423

192mlyp 1.45m 19311(p.p n) -7.8 7.8 11.4 19.3
1890s(a.p) 9.1 9.2 212 20.9

1990s(ce.p n) -16.8 17.2 21.1 286

1920s(a.p 3n) .26.3 26.9 - 383

192m2yy 241y 1931r(p.p n) -7.9 7.9 11.4 19.4
1890s(a.p) 92 9.3 21.2 21.0

1990s(cLp n) -16.9 17.3 21.1 28.7

1920s(c.p 3n) -26.4 26.9 - 384

193mp 11.6d 1900s(at,p) -9.1 9.3 21.1 20.7
19205(a,p 2n) -22.4 -22.9 - 343

1941r 1915h 19205(a,p n) -16.3 16.6 21.09 28 2

P10s 154d 1890s(x,2p) -14.7 15.0 21.2 26.5
1%00s(at,2p n) -22.5 23.0 - 346

19305 1.27d 19205(at.2p n) -22.7 23.2 - 348
19405 6.0y 1920s(t,2p) -15.6 15.9 21.09 275
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TABLE 3 - Main y-emissions (abundance >1%) for 188Pt and 191Pt radioisotopes and main

theoretical interferences (10).

Radioisotope (decay) y-emission (keV) Abundance (%) Interferences
188py 187.6 19.4 191pt (187.7 keV, 0.42%,)
(188pycy 188] 5, 1385 195.1 18.6 1901 (196.9 keV, 2.5%)
381.4 7.47 19011 (380.0 keV, 1.96%)
423.3 436 19011 (420.6 keV, 58.0%)
140.3 2.33 18911 (141.1 keV, 2.62%)
478.2 1.8 19011 (477.8 keV.1.8%)
191py 538.9 13.7 191p (538.1 keV, 0.24%)
(191p1=, 191 ) 109.4 8.00 190]r (407.2 keV, 27.5%)
359.9 6.00 1901r (361.1 keV, 12.6%)
172.2 3.52
456.5 3.36
351.2 3.36
268.6 1.65
624.1 1.41 189pt (623.2 ke V. 0.15%)

TABLE 4 - Irradiation parameters applied for the Pt isotopes production.

Target Iridium Osmium Osmium
metallic foil pressed powder pressed powder
(TAR 1) (TAR. 2)
Geometric characteristics 108 mg/cm? 220 mg/cm? 158 mg/cm?
0 7.5x7.5 mm? @ 12 mm @ 10 mm
Beam particles p a a
Beam energy on target 35 MeV 22 MeV 33 MeV
Beam mean energy loss 1 MeV 22 MeV 15.2 MeV
into the target *
Time of irradiation l1h 7h 8 h **
Integrated charge 374 uC 7.7 104 uC 8.7 104 uC

*: Calculated with the TRIM code (J.F.Ziegler and J.P.Biersack).
*+- [rradiation carried out in two steps, at 15 h 33 m one from the other.
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TABLE 5 - Experimental production thin-target or thick-target yields for the interesting Pt
radiotracers (calculated by the underlined y-emissions of Table 3) and some values for the
radionuclidic interferences obtained. The radionuclidic impurities not reported in this table were
not detected because of their too short half-life or inadeguate y-emissions.

188py vield

191p¢ yield

Radionuclidic interferences (production yield in
kBg/(C MeV) or kBg/C),
y-emission utilized (abundance)

Iridium
metallic foil

340 +2
MBq/(C MeV)

730 =12
MBgq/(C MeV)

187pt (<) + 187Ir (<), 913 keV (1.7%, 5.0%)

18811 (=), 155 keV (29.8%)

189py (=), 721 keV (5.8%)

18911 (1.27 10%), 276 keV (0.56%)

19017 (7.3 104), 519 keV (32.8%), 558 keV (29.0%)
19211 (1), 316 keV (82.9%)

193mpy (1) 135 keV (0.11%)

Osmium
pressed powder
(TAR. 1)

0.40 +0.01
MBgq/C

17+1
MBq/C

187pt () + 187Ir (=), 913 keV (1.7%, 5.0%)
188]r (2), 155 keV (29.8%)

189p¢ (-), 721 keV (5.8%)

1891y (0.3), 276 keV (0.56%)

1901 (-), 519 keV (32.8%), 558 keV (29.0%)
19217 (-), 316 keV (82.9%)

193mpy (1), 135 keV (0.11%)

19305 (-), 460 keV (3.95%)

1941 (=), 328 keV (13%)

195mpy (-) + 195m]r (2) + 19517 (-), 130 keV (2.83%.
1.7%. 1.4%)

Osmium
pressed powder
(TAR. 2)

16+1
MBq/C

24013
MBq/C

187pyg (<) + 187Ir (+), 913 keV (1.7%, 5.0%)

1881y (=), 155 keV (29.8%)

189p (1.5 103), 721 keV (5.8%)

1891r (18), 276 keV (0.56%)

19017 (0.25), 519 keV (32.8%), 558 keV (29.0%)
19211 (), 316 keV (82.9%)

193mpy (130), 135 keV (0.11%)

19305 (-), 460 keV (3.95%)

19417 (-), 328 keV (13%)

195mpy (=) + 195y (=) + 1951t (<), 130 keV (2.83%,
1.7%. 1.4%)
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FIG. 1 - Decay curve for 188Pt produced by 8Ir(p,xn) reactions. The error bars reported on the

graph have statistical origin.
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FIG. 2 - Decay curve for 191Pt produced by MIr(p,xn) reactions. The error bars reported on the

graph have statistical origin.
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FIG. 3 - Decay curve for 188Pt produced by Ma'Os(a,xn) reactions. The error bars reported on the

graph have statistical origin.
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FIG. 4 - Decay curve for 191Pt produced by "3Os(a.,xn) reactions. The error bars reported on the

graph have statistical ongin.
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FIG. 5 - 155 keV y-emission of !88Ir, produced in TAR.2 by direct reactions and !88Pt loading.
The experimental T2, and the theoretical To = (InA —InA.)/ (A —A;) are also reported.
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FIG. 7 - 539 keV y-emission of 191Pt produced via "2Qs(ar,xn) reactions, contamined by 188pt.
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FIG. 8 - Simplified scheme of Os/Pt radiochemical separation.
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