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Excitation functions of the nuclear reactions ™'Te(p,xn)'*"'2 12412628307 yere

measured, using the stacked foil technique for proton energies starting from the
respective reaction thresholds up to 27.5 MeV. Thin uniform films of "Te on Ti-
backing were prepared by the electrodeposition method. At energies less than 20 MeV
the present data agree within the experimental errors with the literature values. Above
20 MeV new experimental cross section values have been recorded. The Integral yield
of "I with its radionuclidic impurity '*"'2#1261281307 were calculated from the
measured cross section data.
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INTRODUCTION

The radioisotope '*’I (T, =13.2 h; EC = 100%; E, =159 keV; 1, =83.3%) is an
ideal radionuclide for in-vivo medical diagnostic studies using Single Photon Emission
Tomography (SPECT). For the production of '*’I about 25 nuclear reactions have been
investigated [1]. Among them only four are of significance. At low energy cyclotrons
the "> Te(p,n) reaction over E, =145 — 10 MeV is the predominating one [2,}. A t
medium energy cyclotrons the '**Te(p,2n) reaction over E, =26 — 23 MeV is the
leading route [2,3. In either cases highly enriched target material is used. The recovery
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of '»1 is rather easy. The irradiated 53Te0, or '**Te0, target is heated at 755 °C (just
above the m.p. of TeO,) in a stream of oxygen whereby radioiodine is removed and
taken up in a small amount of water. The target is regenerated and is ready for reuse [4].

The third route of '*I- production is the '*'I(p.5n)'*Xe O P31 L 12
reaction. The optimum energy range for this reaction is E, = 65 — 45 MeV. Thus it
needs a higher energy cyclotron. The removal of radioxenon from the irradiated Nal
target is done either on-line, i.e. during the irradiation in a flow system, or off-line, i.e.
after the end of the irradiation in a batch mode. The collected radioxenon is allowed to
decay for about 7 h during which period the maximum growth of '*I occurs.
Thereafter '*I is removed from the vessel containing radioxenon [2,}.

The fourth route of '*I- production is the '**Xe(p,x) reaction. It involves highly
enriched '**Xe but requires only a medium-sized cyclotron. The development of this
reaction clearly demonstrates the changing demands on the quality of the medically
important radionuclides. In contrast to the above mentioned three routes, this reaction
leads to '*’I of the highest purity. The natural abundance of '**Xe is only 0.1% ;
consequently the highly enriched '**Xe is very ~expensive [5].

The radioisotope **I (T,=4.18 d; Eg+ =2.13 MeV; I+ =25%) is the only longer-
lived B* emitting radioisotope of iodine and has found application in labelling
biomolecules, especially in tumour research [6.7. It is suitable for both diagnostic with
Positron Emission Tomography (PET) and therapeutic use in nuclear medicine [8].

EXPERIMENTAL

The excitation functions were measured by the stacked foil technique used to the
first time at (CS30) cyclotron at King Faisal Specialized Hospital and Research Center
(KFSH&RC) during this work. Some pertinent details relevant to the present work are
given below.

Preparation of ThinTarget Samples

High purity natural tellurium (>99.9% supplied by Goodfellow Metals, England)
was used as target material. Its natural isotopic abundance (in %) was: '® Te (0.096),
2 Te (2.603, '“Te (0.908 '**Te (4.18% '“Te (7.139, '*°Te (18.95 '*Te (31.69
and "’Te (33.8). Thin target samples were prepared by electrodepositing Te onto 12
um thick Ti foils (>99.9% pure) supplied by Goodfellow Metals, England) of 8 mm
diameter. The electrolytic mixture used contained 1 g of TeO, and 2.5 g of KOH
dissolved all in 50 ml D.I. water. Only foils with a homogeneous black deposit were
used and the following conditions were found suitable: voltage 2—2.6V, current
intensity 10—15 mA, electro plating time 26-26 min. After drying and weighing, the
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thick of the deposited tellurium layer was (between 15and 20 pm). The deposited
target was covered by 50 um thick pure Al foil (>99.9%) supplied by Goodfellow
Metals, England) to protect them and to avoid any loss of tellurium or radioiodine. The
sandwich sample (Ti—Te—Al) was then ready for irradiation.

Irradiation and Beam Current Monitoring

Two stacks (a total of 38 sandwich samples and several 10 um thick Cu foils
serve as energy degrader and monitor foils) were irradiated with proton beam current
of about 100 nA for 30 min in the external beam channel of (CS30) cyclotron at
(KFSH&RC). The stacks were irradiated in a Faraday cup with a secondary electron
suppressor, which served also as target holder. The collected charges were integrated
using current integrator circuit. An earthed 8 mm diameter collimator was placed in
front of the target. The beam current was kept constant throughout each irradiation.
The energy degradation along the stacks was determined by using a computer code
based on well-measured stopping power data [9].

The beam current was monitored up to 27.5 MeV via the ™Cu(p,x)"*Zn,
"Cu(p,x)*Zn and ™ Cu(p,x)**Zn reactions. The excitation functions of these monitor
reactions were compared to the recommended data reported by the International
Atomic Energy Agency [IAEA TECDOC-1211, 2001][1]y which shows an acceptable
agreement with our data . For a further check the reaction ™Ti(p,x)*V induced in the
Ti-backing foils was also used as monitor, and there was also a good agreement with
the recommended data of the IAEA [1{)

Measurement of Radioactivity

The radioactivity of each irradiated sample and monitor foil was determined
non destructively by y -ray spectrometry using a HpGe detector after about 30 min
from the end of the irradiations without removing the Al cover-foil.. The detector
absolute efficiency was about 42% while its resolution was 1.9 keV at the 1.33 MeV v-
line of ®Co. The detector source distance was kept long enough to keep the dead time
of the system less than 8%, to assure point source like geometry and minimal pile up
losses. Special attention was paid to the efficiency calibration of the detector over the
whole required energy range, using several standard point y- sources of known activity.
To minimize the relative errors of the calibration curve, several gamma lines were used
in order to determine the activity for a given radionuclide, where it was possible. The
decay parameters for the mentioned isotopes and monitor products, given in Table 1,
were taken from Firestone [1].

The Q-values of the energetically possible contributing reactions of the iodine
isotopes were calculated, using ref. [12], and presented in Table 2. The contribution of
the *'Sc, formed from the ™Ti(p,x)*'Sc, to the y -line of 159 keV, which was used for
activity determination of '*’I, was subtracted.
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Table 1. Decay data for the investigated radionuclides.

Nuclide Halflife Ey (keV) Iy (%)  Mode of decay (%)
Reaction Products
1211 2.12h 212.19 84 EC (100)
| 1327h 15897 83 EC (100)
| 4.17d 602.73 63 B+(25)
1690.98 10.88 EC (75)
722.7 10.35
1261 13.11d  666.33 33.1 B+(43.7)
753.81 4.16 EC (56.3)
1 2499m  442.22 17 B-(93.1), EC (6.9)
| 1236h  536.09 99 B-(100)
668.54 96
739.48 82
Monitor Products
By 1597d  983.52 99.98 B+(49.6)
1312.09 97.5 EC (50.4)
944.1 7.76
827n 9.26 h 596.7 25.7 B+(6.9)
548.4 15.2 EC (93.1)
Zn  384m 669.8 8.5 B+(93), EC (7)
87n  22426d 11155 50.6  p+(1.5), EC (98.5)
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Table 2. Contributing reactions for the investigated radioiodines.

Nuclide Contributing reactions Q-value (MeV) Ei: MeV)
21 2Te(p,2n "2l -12.87689 12.98335
3Te(p,3n ' -19.80637 19.96879
123 123 123
I Te(p,n) I -2.01659 2.03313
%Te(p,2n)'?| -11.44189 11.53496
Te(p,3n)' -18.018 18.16338
Te(p,4n)' % 27.1319 27.34908
124 124 124
I Te(p,n) <7l -3.94196 3.97403
Te(p,2n) "%l -10.51807 10.60293
Te(p,3n)'?| -19.63197 19.78911
126 126 126
I Te(p,n) I -2.93771 2.96123
%Te(p,3n)'%°l -18.00381 18.14568
128 128 128
I Te(p,n) <l -2.03417 2.0502
%Te(p,3n)"% -16.53623 16.66452
130 130 130
I Te(p,n) "I -1.20271 1.21204

Calculation of Cross-Sections and Errors

97

From the measured decay rates of the radioactive products and the measured
beam currents, the cross-sections were calculated using the usual activation formula.
The total error in the measured cross-section (10-15%) was obtained by combining
uncertainty on each measured cross section value, by taking the positive square root of
the summation of the following contributing sources: uncertainty on number of target
atoms (5%), nuclear data (5%), beam intensity (7%), absolute efficiency of the
spectrometer (3—7%), statistical and peak fitting uncertainty (1—10%), in quadrature
supposing equal sensitivity coefficients.
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RESULTS AND DISCUSSION
Excitation Functions
The numerical values of the measured cross sections together with the estimated
errors for the (p, xn) reactions on ™ Te leading to the formation of '2"+!#124126.128. 30 gre

given in Table 3.

Table 3. Measured cross sections of proton induced reactions on "Te.

Energy Cross section (mbarn) for production of :

(MCV) 12 I 123I 1241 1261 1281 1301
4.812 0.04+0.01 0.44+0.07 1.374£0.21 0.98+0.15
7.335 0.93+0.14 0.93+0.14 1.59+0.24 9.26+1.39 4.65+0.70
8.355 1.41+0.21 0.92+0.14 24.03+3.60 10.19+1.53
9.267 1.91+£0.29 3.34+0.50 56.04+8.41 50.75+7.61
9.711 49.32+7.39
10.111 1.27+0.19 2.18+0.33 9.27+1.39 70.95+10.64 93.37+14.01
10.588 73.97+11.09
11.006 1.65+0.25 5.26+0.79 18.54+2.78  89.80+13.47 95.83+14.38
11.414 85.74+12.86
12.805 2.12+0.32 12.14+1.82 32.8844.93  83.23+12.49 89.10+£13.37
13.56 52.99+7.99
13.569 3.28+0.49 19.814+2.97 59.78+8.97  78.88+11.83  53.25+£7.99  80.01£12.00
14.283 4.16+0.62 35.30+£5.30  74.63£11.19  55.42+8.31 74.54+11.18
14.965 4.62+0.69 38.50+5.78 76.97+11.55 30.56+4.58 71.33£10.70
15.588 6.08+0.91 42.20+6.33 84.57+12.69  21.24+3.19 68.38+£10.26
15.786 39.50+£5.92
16.046 34.69+5.20
16.188 8.44+1.27 47.45+7.12 82.03£12.30  16.91+2.55 69.41+10.41
16.787 11.47+1.72 48.88+7.66 87.91£13.19  13.23+1.98 68.93+10.33
17.362 15.934+2.39 51.87+7.78 88.70+13.31  11.51%1.73 68.22+10.23
17.925 16.87£2.53 54.45+£8.17 90.22+13.53 9.38+1.41 70.09+£10.51
18.472 17.86+2.68 51.19+£7.53 89.89+13.48 5.93+0.89 17.8442.67  68.08+10.21
19.013 20.99+3.15 51.88+7.68 81.56+12.23 7.39£1.12 67.99+10.19

19.543 19.18+2.88 55.16£8.27  79.40+11.91 7.46+1.12 13.89+£2.08  69.33+10.40
20.062 27.97+4.20 60.04+9.01 82.56+12.38  9.71+1.46 3.04£0.46  69.73+10.46
20.566 31.84+4.78 67.29+10.09  85.83%+12.87  8.34+1.25 0.86+£0.13  69.08+10.36
21.062 65.86+9.88 81.87+12.28  87.83+13.17 13.87+2.08 1.47+£0.22  67.07£10.06
21.551 98.12+£14.72  96.79+14.52  89.41+13.41 18.26+2.74 2.17£0.35  69.17+£10.38
22.026  105.94£15.89 109.68+16.45 91.67+13.75  22.86+3.43 2.05+0.31 68.48+10.27
22,506  141.94+21.29 125.65+18.85 93.84+14.08  28.44+4.23 3.15+0.47  67.26£10.09
22984  184.44+27.67 131.29+19.69 92.52+13.88  35.39+5.31 3.07£0.46  68.15+10.22
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Table3. Continued

Energy Cross section (mbarn) for production of :

(MCV) 1211 123I 1241 1261 1281 1301
23.441 268.30+40.25 138.32+20.75 92.69+13.90 38.99+5.84 3.66+0.55 68.64+10.30
23.886 307.11+46.07 140.78+21.12 90.06+13.51  40.78+6.12 4.07+0.61 66.43+9.96
24325 329.59+49.44 149.45+22.42 93.25+13.99  41.30+6.19 4.46+0.67 68.33+10.25
24.757 358.08+53.71 155.33£23.30 93.50+14.03  43.64+6.55 4.1340.62 68.46+10.27
25.183 361.67£54.25 152.64+£22.89 90.99+13.65 49.98+7.50 4.47+0.67 65.9849.90
25.609 365.04+54.76  154.89+23.23  94.9+14.24 53.87+8.08 4.524+0.68 68.32+10.25
26.028 367.90+55.18 159.74+23.96 9391+14.08 52.44+7.87 4.52+0.68 66.37+9.96
26.448 361.98+54.3 156.92423.54 95.12+14.27  54.19+8.13 4.73+0.71 69.81+10.47
26.855 360.47+54.07 159.72+23.96 96.88+14.53 59.61+8.94 4.62+0.69 64.56+9.68

natTe(p’Xn) 1211

The cross section values of the present work are presented with the available
reported results in Figure 1.Small cont ribution of the '**Te(p,2n) *'I reaction to the
cross-section value, with a maximum value of about 20 mb, can be seen at E, < 19
MeV. The contribution of '“Te(p,3n)"*'I reaction starts at 19.9 MeV and reachs a

400

350 |
300 |
250 |
200 |
150 -
100 -
50 |

Cross section (mb)

"&Te (p,xn) "2

= -.l_l.l.l-—M

20
Proton Energy (MeV)

10

i

i

:

) # Scholten et al. [2]
B This work

15

25

30

Figure 1. Excitation function of "™Te(p,xn)'*'I reaction along with the previously available
experimental data[2].

maximum value of 367.9 mb at about 26 MeV. The present cross-section data are in
good agreement with the only reported cross-section values, Scholten et al. [2] in the
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limited reported energy range (E, < 18 MeV). Due to, the lack of full information on
irradiation conditions on n‘%“Te(p,xn)lzll reactions in the literature Acerbi et at. [1} ,and
the impossibility to convert yield values into cross section values of that literature [2] ,
it seems that up to 20 MeV our measurements constitute the first detailed study on the
excitation function of the ™Te(p,xn)'*'I reaction.

natTe(p’Xn) 1231

In the energy range 2-11 MeV, the reaction 'ZTe(p,n) '*I could be the only
contributing reaction with a low maximum value of 5 mb at about 11 MeV. A broad
peak around 17 MeV is due to the contribution of **Te(p,2n) '®I. Above its1MeV
threshold the '*Te(p,3n) '*I reaction could be responsible for the increase in the cross
section value up to 160 mb at the end of the studied energy range. The present cross-
section data are in good agreement with Scholten et al. [2] in Figure 2., in the limited
reported energy range while no existing data for E, > 18 MeV had been found.

natTe(p,Xll) 124 I

The contribution of the '**Te(p, n) reaction to the formation of '**I radionuclide,
which starts at 3.9 MeV seems to be small compared with the '*Te(p, 2n)"*'I and
12°Te(p,3 n)'*I reactions .Figure 3. shows an acceptable agreement between present
data and Scholten et al. [2] data at E, < 18 MeV. The '2Te(p, 2n)'**I reaction gave the
first remarkable peak for the excitation function (90 mb) at E, = 18 MeV. Second peak
can be seen at E, =23 MeV due to the 12Te(p,3n)"**I reaction. Another increase of the
cross-sections at E, > 26 MeV indicating the possible contribution of 28 Te(p,5n) 1
reaction.
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3 50 - # Scholten etal [2]
= H This work
0 = l_l_u.l.ﬁ!; . . -
0 5 10 15 20 25 30
Proton Energy (MeV)

Figure 2. Excitation function of ™Te(p,xn)'*’I reaction along with the previously available
experimental data [2].
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Figure 3. Excitation function of ™Te(p,xn)'*'I reaction along with the previously available
experimental data[2].

natTe(p’Xn) 1261

The present cross section data are in good agreement with the available reported
results of Scholten et al. [2] Figure 4. At low energies a peak starts, and is due to the
contribution of '**Te(p, n)'*°I reaction. The clear gaussian shape of the excitation
function indicates the compound nucleus mechanism for this reaction. The reaction
'28Te(p,3n)' > starts to construct a second peak, which could show a maximum value
at less than 30 MeV.
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Figure 4. Excitation function of ™Te(p,xn)'*’I reaction along with the previously available
experimental data[2].



102 K. Zarie, et al.
natTe(p’Xn) 1281

The cross section values for "™ Te(p,xn)'**I were measured for the energy range
from about 2 MeV up to 27.5 MeV and the results are presented with Scholten et al. [2]
data in Figure 5. The contribution of the '**Te(p, n)'*I reaction is clear through the
excitation function peak, 85 mb at 11.5 MeV,. An increase in the cross-section values
at E, > 20 MeV indicates the small contribution of the B9Te(p,3n) "I reaction
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0 : : : w
0] 5 10 15 20 25 30
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Figure 5. Excitation function of ™Te(p,xn)'**I reaction along with the previously available
experimental data[2].
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Figure 6. Excitation function of ™ Te(p,xn)"*’I reaction along with the previously available
experimental data[2]
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The excitation function starts at about 1.2 MeV shows that the reaction "**Te(p,
n) "I is the only contributing one . The present cross-section data are in good
agreement with Scholten et al. [2]. As shown in Figure 6. the continuation of the cross
section with approximately constant values after the Gaussian peak could be due to the
excitation of the compound nucleus to the continuum region or some contribution of
the direct reactions mechanism.

Integral Yield

From the curves drawn through our experimental data for the ™Te(p,xn)
reactions, the differential and integral yields of 121 1237 1247 1257 1267 1287 9 PO were
calculated, assuming an irradiation time of 1 h and a beam current of 1 pA. The
calculated integral yields are shown in Figure 7. as a function of proton energy. The
yields differ considerably from one radionuclide to another, due to differences in
reaction cross sections and half-lives of the products. The presented yields were
compared with Scholten et al. [2] data. There was an acceptable agreement, similar to
the agreement in the excitation functions.

1000
-]
° 100
> 10
5= 1
g
£7T 0.1 1 o121
g g 0.01 1 W 123
E = 0.001 A2
3 y 1261
2 0.0001 B % 1281
o 0.00001 " " " " " ® 130 =

0 5 10 15 20 25 30
Proton energy (MeV)

Figure 7. Calculated integral target yields of some radioiodines as a function of incident proton
energy on natural tellurium.

CONCLUSION

The level of the '*'T and "**I impurities increases with the increasing of proton
energy, this would, however, do not lead to any big problem due to their shorter half-
lives in comparison with '*I. The level of '*’I-impurity is fairly high, because of the
high abundance of *°Te in the natural tellurium target material. After 6 days of EOB,
"I and "I will be the major activities. From the above discussion enriched '**Te
targets are essential for producing'*I for medical purposes.
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