ACTIVATION OF LIQUID ARGON IN THE ATLAS CALORIMETER BY HIGH ENERGY HADRONS
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Predictions of high energy hadron activation of liquid argon of the ATLAS liquid argon calorimeter were carried out by folding particle flux spectra with the radionuclide production cross sections. Calculations were performed with a wide array of input data in order to assess their inaccuracy. The cross sections calculated according to the Rudstam and the Silberberg-Tsao formula, taken from the JENDL and MENDL libraries, compiled from various sources by M. Morev and prepared from FLUKA95 by M. Huhtinen were folded with particle fluxes obtained from the FLUKA and the GCALOR simulations.

I. INTRODUCTION

Liquid argon is used in ATLAS (A Thoroidal LHC Apparatus), as the sensitive medium in the Barrel electromagnetic calorimeter and in all electromagnetic and hadronic modules of the Endcap and the Forward calorimeters. Altogether, the total amount of liquid argon in the detector is about 80 m3.

The detector will be exposed to the populous and energetic radiation environment from the 14 TeV proton-proton collisions of the LHC. Consequently, liquid argon in the calorimeter will get activated.

II. ACTIVATION CALCULATIONS

The argon activation is an important issue that retains its interest from the early days of the detector design. The reason for this continuous effort is that high accuracy of the results is desired but few of the possible radionuclide production channels are well studied. In particular, activation by high-energy neutrons, protons and charged pions, which are all important in this case, cannot rely on sufficient experimental data. 
In this situation an ideal tool for predicting activation would be a Monte Carlo code that implements the best available physics models covering all aspects of radiation transport, hadron-nucleus interactions and residual nuclei production. The problem with the latter is that it is unrealistic to model the complex geometry of the Liquid argon calorimeter down to such details as individual absorber plates immersed in the liquid. Instead, the geometry model contains regions that represent larger calorimeter modules and are filled with a homogeneous material mixture of argon and the absorbers. A residual nuclei scoring in such a material mixture would not distinguish whether a product originated from an argon nucleus or another parent and is therefore unsuitable for the argon activation study. 

For this reason the study was performed by folding particle flux spectra obtained from Monte Carlo simulations with radionuclide production cross sections according to the following activation formula.
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The accuracy of the results depends on the quality of the particle flux spectra and the cross sections. 

II.A. Particle flux spectra

The particle flux spectra are obtained from the simulations and depend on the Monte Carlo code itself together with the geometry model of the detector. Available for the present study were results from simulations performed with the FLUKA code [1, 2] and with the GCALOR code
 [4]. The FLUKA and the GCALOR geometries of ATLAS are slightly different from each other. In both cases, 14 TeV minimum bias proton-proton collisions at the center of the geometry were used as primary events. 

II.B. Radionuclide production cross sections

Evaluated radionuclide production cross sections that would cover the needs of this study do not exist. Following an extensive search through the available data six different sets were selected. Two sets of proton cross sections were calculated using the Rudstam [5] and the Silberberg-Tsao [6, 7] formulas. Several predominantly experimental sources of proton cross sections such as EXFOR [8] and NUCLEX [9] were compiled by M. Morev into a third data set [10]. The fourth data were the proton, neutron and charged pion cross-sections prepared by M. Huhtinen for air activation assessment at the LHC [11] on the bases of FLUKA95
, Silberberg-Tsao formula, and experimental data [12]. At last JENDL-HE [13] and MENDL [14] libraries, which contain neutron and proton cross sections were used. 

In order to assess the quality of the available cross sections the results obtained by folding the FLUKA fluxes with all six data sets were compared. The FLUKA and the GCALOR fluxes were crosschecked by comparing the results obtained by folding the fluxes with the Silberberg Tsao cross sections. 

III. RESULTS

Radioactivity was calculated assuming 100 days of irradiation at LHC design luminosity, which corresponds to 109 p-p collisions per second. Results are reported per total volume of liquid argon in half a Barrel and in one Endcap. The list of radionuclides includes all possible products with half-life longer than one hour. Their short-lived precursors where accounted for by using cumulative cross-sections. 
First, the activities of individual radionuclides calculated by folding the FLUKA particle flux spectra with the Huhtinen’s cross sections for protons are given in Table 1. All further results are reported in relation to these values. 

The activation is lower in the Barrel than in the Endcap although the amount of liquid argon is higher in the Barrel. This is due to the fact that the particle fluxes there are lower and less energetic (Figure 1).

In general, proton data have to be used for all particles since very few cross sections exist for energetic neutrons and charged pions. Obtained from FLUKA95, the Huhtinen’s cross sections include data for all four particle types. The ratios between the radioactivities calculated by using the different cross sections for the respective particle types compared to using the proton cross sections for all particles are given in Table 2.

With the exception of 38S the difference is within a factor of 2.

Table 1 The predicted activities of individual radionuclides produced by high energy hadrons in liquid argon of the ATLAS calorimeter after 100 days of LHC operation at design luminosity, based on FLUKA particle fluxes and Huhtinen's cross sections for protons.
	Nuclide
	Endcap
	Half Barrel

	3H
	3.2E+06
	3.3E+05

	7Be
	3.4E+07
	3.2E+06

	10Be
	3.7E+00
	3.6E-01

	14C
	4.0E+02
	3.7E+01

	18F
	1.2E+08
	1.3E+07

	22Na
	3.0E+06
	3.6E+05

	24Na
	7.0E+07
	8.7E+06

	28Mg (28Al)
	1.5E+07
	2.1E+06

	26Al
	1.5E+01
	1.8E+00

	31Si
	7.4E+07
	9.6E+06

	32Si
	5.0E+04
	6.8E+03

	32P
	1.1E+09
	1.9E+08

	33P
	6.0E+08
	1.0E+08

	35S
	4.2E+08
	7.1E+07

	38S (38Cl)
	6.9E+07
	9.7E+06

	36Cl
	2.0E+03
	3.7E+02

	37Ar
	2.9E+09
	5.7E+08

	39Ar
	8.2E+06
	1.5E+06
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Figure 1 Effective fluxes of high energy particles in the Barrel and the Endcap.
Table 2 The ratios between radioactivities calculated with differentiated cross sections for neutrons, protons and charged pions and with proton cross sections only used for all particle types.

	Nuclide
	Endcap
	Half Barrel

	3H
	1.00
	1.24

	7Be
	0.59
	0.63

	10Be
	0.57
	0.58

	14C
	0.75
	0.76

	18F
	0.78
	0.77

	22Na
	0.83
	0.89

	24Na
	0.86
	0.87

	28Mg (28Al)
	0.87
	0.86

	26Al
	1.00
	1.11

	31Si
	1.35
	1.56

	32Si
	1.46
	1.62

	32P
	0.85
	0.84

	33P
	1.20
	1.20

	35S
	1.60
	1.69

	38S (38Cl)
	2.90
	3.61

	36Cl
	0.90
	0.89

	37Ar
	0.76
	0.74

	39Ar
	1.34
	1.47


Table 3 gives the ratios between the radioactivities calculated with the different proton cross section sets compared to values obtained with the proton cross sections of Huhtinen. As an example, only the Endcap results are shown.

The differences between the results calculated with the different proton cross-section sets can be quite large. The predicted tritium activity is almost 7 times higher using the Morev cross sections compared to Huhtinen’s while the activity of 38S is more than 100 times lower using the MENDL cross sections. However, such large discrepancies are exceptional and in most cases the differences are within a factor of 3. 

The Rudstam cross sections yield the lowest results overall and in particular extremely low activities of beryllium radioisotopes.  The results of the Huhtinen cross sections agree within a factor of 2 with those of the JENDL library for all radionuclides except for tritium. Discarding the extreme values, the predictions differ most for tritium, 31Si and 38S.

Table 3 The ratios between the Endcap results calculated by using the Silberberg-Tsao (S-T), Rudstam (Ru.), Morev (Mor.), JENDL (JEN.) and MENDL (MEN.) cross sections to those obtained with the Huhtinen's cross sections. 

	Nuclide
	S-T
	Ru.
	Mor.
	JEN.
	MEN.

	3H
	
	
	6.83
	5.71
	

	7Be
	0.85
	0.06
	1.20
	1.18
	

	10Be
	2.03
	0.08
	1.84
	0.68
	

	14C
	2.21
	0.52
	2.12
	0.74
	

	18F
	0.36
	0.35
	0.38
	0.63
	

	22Na
	1.27
	1.15
	1.26
	1.43
	

	24Na
	1.62
	1.05
	1.49
	0.98
	

	28Mg*
	1.77
	0.39
	1.78
	0.89
	0.09

	26Al
	1.11
	1.05
	1.02
	1.51
	2.35

	31Si
	3.86
	1.60
	3.88
	1.31
	1.59

	32Si
	2.62
	0.66
	2.57
	1.07
	0.39

	32P
	0.56
	0.48
	1.16
	0.89
	1.11

	33P
	1.01
	0.39
	1.08
	0.92
	0.90

	35S
	1.75
	0.75
	2.35
	0.96
	0.63

	38S*
	0.33
	0.19
	0.75
	1.42
	0.01

	36Cl
	0.69
	0.66
	1.00
	0.87
	0.72

	37Ar
	0.15
	0.41
	0.79
	0.99
	0.99

	39Ar
	0.67
	0.65
	0.72
	0.97
	0.34


Finally. the difference between the radioactivities obtained by folding the same set of proton cross-sections with the FLUKA and with the GCALOR particle flux spectra does not exceed 35 % for any radionuclide. The agreement is better in the Barrel than in the Endcap. The FLUKA particle fluxes yield greater activation.

IV. CONCLUSIONS

The goal of the present study was to assess the activation of liquid argon in the ATLAS calorimeter due to high energy hadrons. Because the geometry model of the calorimeter contains liquid argon as part of a material mixture, the calculations had to be performed by folding particle flux spectra with radionuclide production cross sections. 

Table 1 gives the predictions based on the FLUKA particle flux spectra and the Huhtinen’s cross sections for protons. These results have associated with them a systematic error due to the deficiencies of the input cross sections and fluxes. To estimate the magnitude of this error a thorough search of available input data was conducted and the results obtained with various input data were compared. 

Comparing the results calculated with six different cross section sets (Table 3) shows a rather significant scatter. For most radionuclides and most cross section sets the results vary within a factor of three in comparison to the activities listed in Table 1. The biggest inaccuracy seems to be in predicting the production of tritium, 31Si and 38S. 

In these calculations the proton cross sections are used for all hadrons (protons, neutrons and charged pions) due to the overall lack of neutron and pion data. The only data allowing for an estimate of the resulting inaccuracy are the Huhtinen’s cross sections. Table 2 shows how the results differ when hadron differentiation is taken into account. The discrepancies, within a factor of two, are lower than between different sets of proton cross sections. This suggests that the overall error is dominated by the inaccuracy of the proton data rather than the lack of the neutron and pion cross sections.

The available particle flux spectra are sufficiently similar to introduce only a negligible difference between the results in comparison with the cross sections.

The conclusion of the above study is that taking into account the available knowledge the activities of individual radionuclides produced in liquid argon by high energy hadrons should lie within a factor of 3 of values listed in Table 1. 

An experimental confirmation of the predictions is desirable but not straightforward. Gamma spectrometry measurements of tritium, 10Be, 14C, 18F, 32Si, 32P, 33P, 36Cl, 37Ar and 39Ar are not possible and are difficult with 26Al and 31Si. This leaves relatively few channels open for validation – the 7Be, 22Na, 24Na, 28Mg 35S and 38S. 

Another problem is the cooling of a liquid argon sample during transport and measurement. Most likely this would not be possible and instead one could imagine filtering the argon and measuring the filter. 

This opens another question of chemical behavior of the produced radionuclides. High reactivity can be expected for many products such as sodium radioisotopes but this also means that a sample of the liquid is likely to contain only a small fraction as most would stick to the structures inside the calorimeter.

REFERENCES

1.
A. Fasso`, A. Ferrari, J. Ranft, P.R. Sala, FLUKA: a multi-particle transport code, CERN-2005-10 (2005), INFN/TC_05/11, SLAC-R-773

2.
A. Fasso` et al, The physics models of FLUKA: status and recent developments, Computing in High Energy and Nuclear Physics 2003 Conference (CHEP2003), La Jolla, CA, USA, March 24-28, 2003, (paper MOMT005), eConf C0303241 (2003), arXiv:hep-ph/0306267

3.
A. Fasso` et al., proceedings of the IV International Conference on Calorimetry in High Energy Physics, A. Menzione and A. Scribano eds., World Scientific, Singapore, p. 493 (1994)

4.
C. Zeitnitz, T. A. Gabriel, The GEANT-CALOR interface user’s guide, available online: http://www.staff.uni-mainz.de/zeitnitz/Gcalor/gcalor.html
5. 
G. Rudstam, Systematics of spallation yields, Zeitschrift fur Naturforschung A21 (1966) 1027

6. 
C. H. Tsao, R. Silberberg, Partial cross sections in high-energy nuclear reactions and astrophysical applications 1, Targets with Z ( 28, Astrophysical Journal Supplement, 25 (1973) 315

7. 
C. H. Tsao, R. Silberberg, Partial cross sections in high-energy nuclear reactions and astrophysical applications 2, Targets heavier than nickel, Astrophysical Journal Supplement, 25 (1973) 335

8. 
Experimental nuclear reaction data (EXFOR), http://www-nds.iaea.org/exfor/exfor00.htm
9. 
S. G. Mashnik, A. J. Sierk, K. A. Van Riper, W. B. Wilson, Production and validation of isotope production cross section libraries for neutrons and protons to 1.7 GeV, LANL report: LA-UR-98-6000 (1998)

10. 
M. N. Morev, Calculations of induced activity in the ATLAS experiment for nuclear waste zoning, CERN-ATL-COM-TECH-2007-001, CERN, Geneva (2007) 

11. 
M. Huhtinen, Determination of Cross Sections for Assessments of Air Activation at LHC, CERN/TIS-RP/TM/96-29, CERN, Geneva (1997)

12. 
A. Iljinov et al., Production of Radionuclides at Intermediate Energies, Landolt-Börnstein, New Series Volumes 13a-e, ed. H. Schopper, Springer (1991-1993)

13. 
Y. Watanabe, T. Fukahori, K. Kosako, N. Shigyo, T. Murata, N. Yamano, T. Hino, K. Maki, H. Nakashima, N. Odano, S. Chiba, Nuclear Data Evaluations for JENDL High-Energy File, International conference on nuclear data for science and technology, AIP Conference Proceedings, Volume 769, pp. 326-331 (2005)

14. 
Yu. N. Shubin, V. P. Lunev, A. Yu. Konobeyev, A. I. Ditjuk, Cross-section data library MENDL-2 to study activation as transmutation of materials irradiated by nucleons of intermediate energies, INDC(CCP)-385 IAEA (1995)
� For hadronic interactions above a few GeV, GCALOR calls FLUKA routines as described in ref. [3].





� The physics models in FLUKA have evolved since the FLUKA95 version.
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