Multiparticle photonuclear reactions in 203Tl nucleus
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The intensive maximum in photoabsorbtion cross sections – giant dipole resonance (GDR) – is a universal feature of atomic nuclei.
In the energy region of GDR maximum it decays as a rule by the emission of one neutron. Nowadays this field of cross sections is well known, there is a lot of experimental data.

At the γ-quanta energies more then 20-30 MeV photonuclear reactions with the emission of several nucleons are the most probable. The decay of excited nuclear states seems to occur primarily by the emition of neutrons in (-quanta energy region of 30-70 MeV. Final nuclei produced are β+-radioactive. Such reactions are not well investigated, their mechanism is unknown. The subject of our research is to get experimental data about multiparticle photonuclear reactions. Nowadays multiparticle photonuclear reaction cross sections for the most nuclei are unknown [1]. The article deals with the experimental determination of yields of the following multiparticle photonuclear reactions: 203Tl((, n)202Tl, 203Tl((, 2n)201Tl, 203Tl((, 3n)200Tl, 203Tl((, 4n)199Tl.
The experiment was carried out using bremsstrahlung from the electron racetrack microtron RTM-70 in Skobeltsyn Institute of Nuclear Physics, Moscow State University [2]. RTM-70 microtron is a unique compact accelerator with maximum electron energy of 70 MeV, built with the use of permanent magnets based on rare-earth magnetic materials. It can be used as a source of bremsstrahlung with maximum (-quanta energy of 70 MeV allowing to produce nuclei different from initial nuclei by up to 8 nucleons.

The experimental scheme is shown at fig. 1.
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Fig. 1. Experiment scheme. 1 – microtron, 2 – external accelerator channel, 3 – electron beam, 4 – convertor, 5 – investigated Tl sample, 6 –HPGe detector.

Thallium (Tl) was the investigated sample. Stable Thallium isotopes have more then 200 nucleons, that’s why photonuclear reaction yields are high and photonuclear reaction thresholds are low in Thallium isotopes.
The investigated sample with mass of 3.5 g was made of Tl NO3. The sample consisted of the natural mixture of Thallium isotopes (203Tl - 29.5 % , 205Tl - 70.5 %). The Thallium target was irradiated with bremsstrahlung with maximum (-quanta energy Eγm = 50 MeV during 1 h. The microtron electron beam current was 10 мА. The electron beam diameter (fig. 1) del = 10 mm, Tungsten converter thickness dW = 2.5 mm. The spectra of residual activity of irradiated Tl sample were recorded by HPGe detector with the efficiency of 30 %. The detector energy resolution was 1.1 keV (for the 122 keV γ-ray), 2.0 keV (for the 1332 keV γ-ray). The spectra of residual activity  of the sample were recorded during 5.5 h within 2 h after the activation. A series of 11 spectra measurements was made in order to measure half-lifes T1/2 and to identify radioactive isotopes produced. Each spectrum measurement was made during 30 min. Half-lifes spanning the region from some hours to tens hours were measured. The summary spectrum measured during 5.5 h is shown in fig. 2.
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Fig. 2. Experimental (-spectrum.
The natural mixture of Tl isotopes contains comparable values of 203,205Tl isotopes. Photonuclear reactions in these isotops lead to producing the same isotopes. For example, 202Tl nucleus can be produced both in 203Tl((, n)202Tl and 205Tl((, 3n)202Tl reactions. As the cross sections ratio σ((, n) / σ((, 3n) in this energy field is about ~ 50 ÷ 100, corresponding reactions in 205Tl are suppressed in coparison with reactions in 203Tl, because more nucleons are emitted. Therefore in the experimental data analysis the producing of the radioactive Tl isotopes was supposed to be caused only by reactions in 203Tl nucleus.

In the experiment the maximum (-quanta energy (Eγm = 50 MeV) exceeds thresholds of photonuclear reactions with the emission of up to 4 nucleons in the investigated 203Tl nucleus.
γ-Peaks appropriate to 203Tl((, n)202Tl, 203Tl((, 2n)201Tl, 203Tl((, 3n)200Tl, 203Tl((, 4n)199Tl reactions are observed in the experiment (table 1). The table contains photonuclear reactions, their thresholds, half lifes of final β-radioactive nuclei. The energies and intensities of experimental γ-lines appropriate to these reactions and the nature of γ-transitions in 199-202Hg (energies (keV), spin-parity of initial and final states) are also shown. The accuracy of experimental values for intensities for the most γ-lines is about 1 % (for γ-line intensities ~ 104 – 105 counts). For γ-line intensities ~ 102 – 103 counts the accuracy increases to 10 %, for the most intensive γ-peaks the accuracy is no more then 0.1 %. Nuclear state and γ-transition energies are shown with the accuracy of ~ 1 keV.
 The most intensive γ-transitions in 202Hg, 201Hg, 200Hg, 199Hg are observed in experimental spectra. The appropriate γ-transitions schemes for these nuclei are shown in fig. 3, 4. Experimental data allows to identify the decays of nuclei produced in  multiparticle photonuclear reactions with great validity: there are 16 γ-lines corresponding to 203Tl((, 3n)200Tl and 10 γ-lines corresponding to 203Tl((, 4n)199Tl in the spectra.
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Fig. 3. Decay schemes of 202Tl and 201Tl nuclei ground states.

[image: image4.png]2+

1972

2 1883
T, 1883
3+ . 1776
3+ 1734
o
2 1731
-e
2 1641
*
2 . 1594
2 . 1574
2+ v . 1254
0+ ¥ 1029
oW 947
2 l 368
o+ 0

aoblg

200





[image: image5.jpg]aoHg

142, 32- 1221
142, 32- 750
312- 492
142, 312 455
312- 404
o
IR
312-] & 208
5/2- Sl 158
1/2- u 0
199

oTI

7.42 vac




Fig. 4. Decay schemes of 200Tl and 199Tl nuclei ground states.
For photoproton reactions lead to production of stable final nuclei. Therefore photoproton reactions were not considered.

Photonuclear reactions with the emission of up to 4 nucleons in the investigated 203Tl nucleus were observed in the experiment. According to experimental data the observed photonuclear reaction yields were calculated (table 2). The reaction yield values were normalized to 203Tl((, n)202Tl reaction yield. The following corrections were made: corrections for the detector efficiency, corrections for absorption in the investigated sample.
The reaction yield values decreases with the increase of neutrons number, we can observe photonuclear reactions whiсh yield values are less then ((, n) reaction yield value for 3 orders. It demonstrates the high sensitivity of photonuclear reaction method for the analysis of nuclei far from β-stablity strip.
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Table 1
Photonuclear reactions in 203Tl nucleus and appropriate γ-lines of experimental spectrum
	Reaction
	Threshold (MeV)

	Final nucleus, product and half-life T1/2 of β-decay


	E( (keV)
	Int( (counts)
	γ-Transition nature

	((, n)
	7.85
	202Tl → 202Hg

12.23 d
	440
	1.49·1007
	440 (2+) → 0 (0+)

	
	
	
	520
	2.09·1005
	960 (2+) → 440 (2+)

	
	
	
	960
	1.15·1004
	960 (2+) → 0 (0+)

	((, 2n)
	14.72
	201Tl → 201Hg

72.912 h
	167
	1.30·1006
	167 (1/2-) → 0 (3/2-)

	
	
	
	135
	2.31·1005
	167 (1/2-) → 32 (3/2-)

	((, 3n)
	22.92
	200Tl → 200Hg

26.1 h
	368
	2.40·1006
	368 (2+) → 0 (0+)

	
	
	
	1206
	5.02·1005
	1574 (2+) → 368 (2+)

	
	
	
	579
	2.10·1005
	947 (4+) → 368 (2+)

	
	
	
	828
	1.21·1005
	1776 (3+) → 947 (4+)

	
	
	
	1515
	3.29·1004
	1883 (2+) → 368(2+)

	
	
	
	1363
	3.95·1004
	1731 (2+) → 368 (2+)
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	1226
	3.13·1004
	1594 (2+) → 368 (2+)

	
	
	
	1273
	3.40·1004
	1641 (2+) → 368 (2+)

	
	
	
	661
	3.37·1004
	1029 (0+) → 368 (2+)

	
	
	
	886
	1.79·1004
	1254 (2+) → 368 (2+)

	
	
	
	1408
	1.94·1004
	1776 (3+) → 368 (2+)

	
	
	
	702
	1.54·1004
	1731 (2+) → 1029 (0+)

	
	
	
	1604
	8.79·1003
	1972 (2+) → 368 (2+)

	
	
	
	787
	1.98·1004
	1734 (3+) → 947 (4+)

	
	
	
	629
	1.26·1004
	1883 (2+) → 1254 (2+)

	
	
	
	1254
	1.00·1004
	1254 (2+) → 0(0+)

	((, 4n)
	29.94
	199Tl → 199Hg

7.42 h
	455
	1.67·1005
	455 (1/2-, 3/2-) → 0 (1/2-)

	
	
	
	208
	2.35·1005
	208 (3/2-) → 0 (1/2-)

	
	
	
	247
	1.66·1005
	455 (1/2-, 3/2-) → 208 (3/2-)

	
	
	
	158
	1.26·1005
	158(5/2-) → 0 (1/2-)

	
	
	
	284
	9.15·1004
	492 (3/2-) → 208 (3/2-)

	
	
	
	334
	5.14·1004
	492 (3/2-) → 158 (5/2-)

	
	
	
	1013
	1.01·1004
	1221 (1/2-, 3/2-) → 208 (3/2-)

	
	
	
	404
	4.68·1004
	404(3/2-) → 0 (1/2-)

	
	
	
	492
	1.87·1004
	492 (3/2-) → 0 (1/2-)

	
	
	
	750
	8.92·1003
	750 (1/2-, 3/2-) → 0 (1/2-)


Table 2
Experimental values for photonuclear reaction yields in 203Tl nucleus

	Reaction
	Reaction yield, relative units

	((, n)
	1.000 ± 0.001

	((, 2n)
	(4.33 ± 0.02) ·10-02

	((, 3n)
	(9.07 ± 0.09) ·10-03

	((, 4n)
	(2.1 ± 0.1) ·10-03
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