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Abstract

The activation of argon is important to understand for the operation of the calorimeters in ATLAS during high luminosity LHC running. In this experiment we propose to measure, or set lower limits on, the spallation cross-sections from 24 GeV protons on argon (natAr) of several (-emitting radioactive isotopes (7Be, 22Na, 24Na, 26Al, 28Mg, 38S, 38Cl, 39Cl) and tritium (3H), and investigate their propagation through the liquid argon calorimeter system. 
Introduction


Both the endcap and the barrel calorimeters in ATLAS contain liquid argon (LAr), which will become activated when the LHC runs.  Some of the activated isotopes, such as 37Ar, 39Ar, and 41Ar, will remain entirely in the liquid, while some fraction of others, such as 24Na, will attach to the inner surfaces of the calorimeters.  Most of this activity is expected to decay during a typical LHC winter shutdown. The activation process has been studied by Waters and Wilson in 1994 [1]. Activation leading to the production of  41Ar in the LAr calorimeters was also reported in the ATLAS TDR [2]. Morev et al. [3] from MEPhI in the Russian federation repeated the calculation of the specific activity due to argon activation in 2001. The purpose of that latest calculation was to cross check the earlier calculations and to estimate the radiation outside the argon storage tanks that are situated in the cavern.

A large amount of liquid argon is a health hazard even if it is not activated. Gaseous argon is heavier than air, and in the event of a sufficiently large leak the argon presents an asphyxiation hazard in the cavern. For this reason a trench has been built below the ATLAS experiment to collect the argon in the event of a large or catastrophic leak. From the trench the argon will be pumped into the air above the cavern by powerful pumps. If a leak occurs while the argon is activated, gas will be released to the atmosphere with some small level of radioactive contamination. For example, 41Ar is produced through neutron-capture from the dominant 40Ar component of  natAr. 41Ar is a γ- and β-emitting isotope with a half-life of less than 2 hours; it disappears within a day. However, the latest calculations show that there are significant amounts of β-emitting isotopes with much longer half-lives produced through spallation, such as 35S (88 days), and the level of this radioactivity will not decay much during a normal LHC winter shutdown, for example. In order to know how best to deal with these radioactive isotopes we need to establish whether they remain in the LAr or bind to a surface in the calorimeter, where they would not pose a problem outside the cavern. We need to understand the following:
1) The spectra of the particles in the detector. This is typically obtained by simulating the setup using Geant 3 or 4. 

2) The spallation cross sections for the radioactive isotopes of interest, which are those with half-lives of about an hour or more. For argon, there is little data at the upper end of the energy region of interest (greater than 200 MeV).  

3) The fraction and makeup of these isotopes that will attach to the calorimeter walls, electrodes etc., and the fraction that will come out with the liquid when the vessel is evacuated. 

The purpose of the experiment is to address points 2 and 3 above. We plan to:

1) Measure, or set lower limits on, the spallation cross sections from natAr of the (-emitting radioactive isotopes 7Be, 22Na, 24Na, 26Al, 28Mg, 38S, 38Cl, 39Cl, and the (-emitting isotope 3H.  We restrict ourselves to these because they are fairly easy to measure and are representative of those which we will not measure.

2) For each isotope, measure the fraction that stays in the LAr and the fraction that attaches to the electrodes and the walls. For this purpose, we have made a test cell similar geometrically and electrically to the ATLAS calorimeter, and a second test cell identical to the first but without an electrode structure.

The experiment

The items which are discussed in this proposal are:

i) Beam

ii) LAr test cells

iii) Electrode structure

iv) Argon cooling system

v) Bubbler system

vi) Measurement system for trace radioactive elements

vii) Waste disposal  
i) Beam
Energy and species

We propose a short exposure with 24 GeV protons at the D line of the AGS just after the upcoming KOPIO test run at the AGS on or about May 12, 2004. We would clearly like to have measurements at a few beam energies, but we are limited by the cost of beam time and analysis.  We do not need a polarized beam, and are completely insensitive to any time-structure (modulation) of the beam, so the beam setup time should be minimal. 

Spot size
The beam spot size should be no larger than 4 cm at the test cell, which is just smaller than the test cell cross-sectional area.  This is easily achieved at the D line, and will present no difficulties beyond the usual beam tuning.  Downstream detectors, such as ion-chambers or scintillation counters, will provide us with a means to monitor the spot size and position during the exposure.

Intensity

For the purpose of estimating the beam time required, we assume a beam intensity of 2(1012 protons per pulse, a rep rate of 5 sec and an argon path length of 8 mm for the first test cell, which contains the electrode structure.  An exposure time of one hour would generate about 9.4(1010 nuclei of  24Na if the cross section is 4 mb.  The specific activity due to 24Na at the end of an hour would be about 1.2(106 Bq or 31 (Ci.  This should be sufficient for sampling and analysis.  This calculation is for a beam energy of 2 GeV and is based on measurements at about 200 MeV; there are no data available at 24 GeV.

ii) LAr test cell

The LAr test cell holds about 22 cm3 of LAr. It will hold an electrode structure which, after exposure, will be rinsed with a dilute HCl solution to extract the attached isotopes produced during the exposure.  Activity in the extract will reveal the fraction of produced isotopes which do not remain in the LAr.

iii)
Electrode structure

Electrode materials

The electrodes are 2 mm thick discs of Lexan polycarbonate of about 5 cm OD with 25 micron foils of Cu or SS glued to the Lexan.  This is done to minimize the amount of extraneous radioactive material that is generated and to emulate the ATLAS calorimeter surfaces as closely as possible. The ATLAS LAr calorimeter electrodes are made (mostly) of W, Cu and SS.

High voltage

The electrode structure will have gaps of 2 mm and we will apply 2 kV to reproduce the design-field in the ATLAS LAr calorimeters. The radioactive isotopes generated will be in the form of positive ions (the expected recoil energies greatly exceed the binding of the atomic electrons) and they will be attracted to the negative electrode, where they pick up electrons and attach with some efficiency. The efficiency of attachment will depend on the type of metal and the species of ion. Positive ions which somehow acquire electrons before reaching the electrode and become neutral will nevertheless diffuse and convect to the electrodes and the walls, especially because of the heat generated by the beam.

iv)
Argon cooling system

The test cell will be immersed in a bath of LAr for simplicity. We will use an argon bath rather than LN2 so that the LAr in the cell does not freeze. The LAr bath will be insulated with foam. 

vi) 
Bubbler system

We will use a conventional bubbler available in Bldg. 801 at BNL.  We estimate the bubbling rate to be about 1.5 liters of gas per minute.  The test cells contain about 22 cm3 of LAr, which becomes about 20 liters of gas, so the bubbling should take about 15 minutes.
vii)
Measurement system for trace radioactive isotopes

The isotope that will be the easiest to measure is 24Na, which has a high cross section for production with 2 GeV protons, about 4 mb, and a half life of 15 hours so that the specific activity is high. .  It is highly soluble in water. We assume that the cross section is similar at 24 GeV/c

The Radionuclide & Radiopharmaceutical Isotope Production group in BNL’s Medical Department have an analysis certified for medical users and can analyze samples to an accuracy of about 2%.  Activated samples will be placed near a hyper-pure Ge (HPGe) detector and (-line strengths obtained, from which we can calculate the total activity and, hence, the production (spallation) cross sections for each (-source.  We will not attempt to measure the isotopes which emit only (-rays, since these produce broad, overlapping spectra which are difficult to tease apart.  Such a measurement would perhaps best be done as a detailed, chemical analysis, which is beyond our means and is, besides, not essential to understanding the attachment issue.  For example, the attachment of  38S should be very nearly the same as 35S; while the cross section for 38S is much smaller than that of 35S, its rate-of-decay is substantially higher, with the effect being that the expected activity from 38S would be about 10% of that for 35S.  Thus, 38S would serve as an excellent proxy for studying the attachment of 35S to the calorimeter electrode structure.

A commercial lab will be selected to assay our samples for 3H. The tritium production cross section, which appears not to have been previously measured, will be measured by performing an assay of the tritium in the bubbled water from the no-electrodes test cell.  The attachment efficiency will be similarly obtained by assaying the post-exposure rinse from the test cell with the electrodes.  There are difficulties here, however, in that any tritium which remains in the argon will not be efficiently trapped by the bubblers.  Any tritium which attaches to the electrodes should be efficiently recovered when the cell is rinsed with a dilute HCl solution.

viii)
Waste disposal

The small quantity of rinse (less than one gallon) from the bubbling process will be disposed of as low-level rad-waste, according to laboratory standards, at about $150/gallon.  The very small quantity of activated isotopes remaining in the argon after it has been bubbled is expected to be within acceptable guidelines for release into the atmosphere.  More problematic is the disposal of the apparatus, as it will likely be activated.  We hope to let it “decay in storage” (DIS); however, we are prepared to have it disposed of as low-level, compactable radioactive waste.

Experimental procedure

The LAr cell will be exposed to an 24 GeV proton beam at the D1 line of the AGS at BNL.  The cell will be exposed with a thin (~1 mil) aluminum foil in front and a layer of potassium chloride behind. Activation in the aluminum foil will be measured, yielding the total exposure through the well-known reaction 27Al(p,3pn)24Na; see Ref. [5].  A similar measurement will be made with the potassium chloride.

The cell is evacuated before filling with argon.  Once in position in the LAr bath, the cell is connected to clean argon gas at 0.5 bar (gauge). The pressure of the argon gas into the cell is monitored while it is being filled. This takes about 25 minutes, during which time the argon gas slowly condenses to a liquid. The cell is full when the pressure gauge remains stable after closing the fill valve (if the pressure starts to drop when the valve is closed, the cell isn’t yet full).  At that point, the cell is effectively sealed, except for a 60 psi relief valve.  Just prior to exposure, the LAr level in the bath is verified and topped off if needed.  The cell and bath are situated on a movable cart, which is wheeled into position for the exposure.  At all times, the pressure in the cell is monitored with a remote readout from a pressure transducer.

When the exposure is finished, there will be an obligatory 15 minute wait before entrance into the D-line is allowed.  Upon entrance, HP personnel will survey the apparatus for activation and verify that radiation levels are within safe limits.  Once they give approval, the transfer valves to the evacuated pressure cylinder, cooled and sitting in a separate LAr bath, will be opened.  The apparatus will be manually lifted out of the cell’s LAr bath (the pressure cylinder remains in its LAr bath) and placed on the floor.  Ambient heat will cryopump the LAr from the cell into the pressure cylinder.  The process will be speeded up by gently blowing hot air on the cell.  After about 7 minutes, the LAr will be transferred to the pressure cylinder and the transfer valves closed.  The pressure cylinder will be removed from its LAr bath and be allowed to warm, eventually achieving a pressure of about 260 psig.  The cylinder will be bagged for transport.  The rest of the apparatus, without the LAr bath, will likewise be bagged for transport.  CAD HP personnel will then carry the bagged items to bldg 801.

Upon arrival at 801, the LAr in the pressure cylinder will be passed through two water bubblers in series; the use of two bubblers will permit us to measure the trapping-efficiency of the bubblers.  The water in the bubbler will actually be a dilute hydrochloric acid solution (approximately 0.1 M HCl); it will trap any of the radioactive isotopes which exit with the gas, except for 37Ar and 39Ar (both of which are (-emitters). The volume of this water will be measured and an aliquot taken and analyzed for the presence of (-emitting radioactive isotopes with HPGe (Hyper-Pure Ge) detectors in the Radionuclide & Radiopharmaceutical Isotope Production facilities in building 801. 100 cc samples of the water will also be sent off-site to a facility (yet to be determined) to assay the tritium.

The emptied cell will be rinsed with a solution similar to that used in the bubblers, to wash out the residual.  We will analyze the wash water to measure the isotopes that were attached to the electrodes. The (-ray analysis and tritium assay employed for the bubbled water will be repeated on the cell-rinse.

Altogether, there will be 3 (-ray analyses and 3 tritium assays: one for each of the two stages of bubblers, and one for the cell-rinse.

Cost estimate

	1 Cell with electrodes
	$     400

	Plumbing, fittings, etc.       
	$     300

	Bubblers, 2, custom made
	$  1 000

	3 (-analyses for two exposures 
	$10 000

	3 assays of tritium for two exposures (estimated)
	$     300

	Instrumentation for beam monitoring 

	$         0

	Beam time for setup and tuning 

	$21 000

	Beam time for two exposures 
	$  2 600

	Disposal of low-level radioactive waste 
	$  4 150

	Total
	$39 750
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Figure 1:   Plumbing Schematic of the Apparatus
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Figure 2:   Side View of the Apparatus, as exposed to beam
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Figure 3:   Top View of the Apparatus, as exposed to beam
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Figure 4:   Front View of the Apparatus, as exposed to beam
Table I: Isotope Production in Liquid Argon

Only those isotopes with half-lives > 30 minutes are shown. Cross sections are for a proton beam on natAr, from MENDL-2 [6], for 0.2 GeV & 2.0 GeV, except as noted. The decay data is from Table of Isotopes [7].  (+ decays also produce a pair of 511 keV annihilation photons. All (+ decays may also decay by EC; the fraction which decays by (+ and that which decays by EC is not shown. The activity is shown at 1 hour after an exposure of 1 hour in a 2 GeV proton beam of 1012 protons per 2.5 sec; the 0.2 GeV cross section is used in those cases where the 2 GeV cross section is not available.  There are no data at 8 GeV.

Species/Decay/Product
(1/2
(0.2
(2.0
Q(,EC
E(    (fraction)
( Activity, 1 hr post-exp.

 



(mb)
(mb)
(MeV)
(MeV)


((Ci)

3H
(-
3He
12.3 y
17.9(a)
50.3(a)
0.019
--


0.058

7Be
EC,(
7Li
53.3 d
0.054(b)
3.8(b)
0.862
0.478 (11%)

0.372

10Be
(-
10B
1.6 My
0.054
3.8
0.556
--


3(10-8
14C
(-
14N
5.7 ky
0.054(b)
3.8(b)
0.156
--


1(10-5
18F
EC,(+
18O
110 m
0.054(b)
3.8(b)
1.656
--


148

22Na  EC,(+,(
22Ne
2.60 y
0.075
3.4
2.842
1.275 (100%)

0.019

24Na
(-,(
24Mg
15.0 h
0.55
4
5.516 
2.754+1.369(100%)
31.2

26Al   EC,(+,(  (97%)26Mg 
 740 ky
4.31
6.0
4.004
1.809 (97%)

1(10-7
28Mg
(-,(
28Al
20.9 h
0.045
0.086
1.832 
1.342+0.031 (52%)

0.491







          
0.401+0.942 (38%)

31Si
(-
31P
157 m
2.60
  ?
1.492
--



84.0

32Si
(-
32P
172 y
0.33
  ?
0.224
--



3(10-5
32P
(-
32S
14 d
21
 20(c)
1.711
--


7.44

33P
(-
33S
25 d
8.5
   7(c)
0.249
--


1.46

35S
(-
35Cl
88 d
26.6
  ?
0.167
--



1.55

36Cl
(-    (98%)36Ar
300 ky
20.5
11.3
0.709
--


   5(10-7
37Ar
EC
37Cl
35 d
25.4
  ?
0.814
--



3.79

38S
(-,(
38Cl
170 m
0.0057
  ?
2.937
1.942 (83%)


0.175

38Cl
(-
38Ar
37.2 m
5.40(d)
  ?
4.917
-- (58%)


   215







          
1.643+2.167 (32%)







          
2.167            (11%)

39Cl
(-,(
39Ar
55.6 m
5.40
  ?
3.442
--
        (7%)

243







          
0.250+1.267(43%)







          
1.518           (38%)

39Ar
(-
39K
269 y
14.8
  ?
0.565
--


   8(10-4
40K
(-   (89%)40Ca
1.3 Gy
6.11
  ?
1.311
--


6(10-11
         EC,(+  (11%)40Ar



1.505
1.461 (11%)

(a) The cross sections for 3H are for natAl instead of argon, from [6].

(b) The 10Be cross sections, from [6], are used for 7Be, 14C, and 18F.

(c) The 32P and 33P cross sections at 2.0 GeV are from Mashnick [4]. 

(d) The 39Cl cross section at 0.2 GeV, from [6], is used for 38Cl.  
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