Estimate of Radioactive Concentrations Produced in a Water Pipe over TtB
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There are plans to route a domestic water pipe over the top of the TtB tunnel just west of where the chilled water pipes cross the TtB tunnel. Simple estimates are made of the activity concentrations that can be produced in the water pipe. Conservative assumptions are used in most cases, which should cause a substantial overestimate on the potential concentrations.

The highest activity concentration calculated is 36 pCi/L of N-16. This is created in an (n,p) reaction on O-16. The next highest activity concentrations are Na-24 (2.2 pCi/L) and Cl-38 (2.4 pCi/L) created by neutron capture.

A mechanism for short term increases of a factor of 100 in the short-lived isotopes is discussed. 

The concentrations presented here will need to be compared to the drinking water standard with an appropriate safety factor. It is noted that most of the radionuclides considered in this note are not considered in ground water since they decay before reaching the water table. No such delay process is assumed for the water pipe.

Water Pipe

The water pipe will carry domestic water across the top of the TtB tunnel, transverse to the tunnel and beam direction. There will be 1 foot of soil between the TtB tunnel and the water pipe (Ref. 1). The water is shielded from the neutrons generated by beam interactions in the TtB beam pipe by the soil. All concentrations are calculated based on the closest section of pipe to the tunnel.

The flow of water in the pipe can affect the estimated concentrations. It will be assumed that the water flow is sufficiently slow such that the maximum concentrations are achieved in the water for a yearly operating cycle. For long-lived isotopes the water is stationary in the pipe for the entire operations period of 8 weeks. For short-lived isotopes this assumption means the water may be flowing at a rate of a few feet per minute.

It is assumed that the concentration created in the pipe is the “relevant” quantity of interest. For short-lived products no decrease is concentration is calculated due to decay in transport to an extraction point in the pipe. There is no mixing of the water in the pipe as it is transported.

Neutron Flux Estimate

The Monte Carlo program MCNPX (Ref. 2) was used to estimate the flux of neutrons entering the water due to the beam losses. Calculations were conducted for 18 MeV deuterons and protons striking a steel valve. Protons are transported in the problem but not tallied for activation calculations in the water since they would not have sufficient energy to penetrate the one-foot of soil. The valve was approximated as a steel disc 0.5 cm thick and 5. cm in radius. The valve was centered in a tunnel with a 150. cm radius. Cylindrical symmetry was assumed to increase the statistics of the Monte Carlo calculations. The tunnel was surrounded by soil with a density of 1.9 gm/cc. The neutron flux was tallied in z bins of 1 meter and in energy bins from 0. to 20. MeV. The target (valve) is located at z=0.

The flux of total neutrons as a function of z is displayed in Fig. 1 for 18 MeV deuterons striking the valve.  The neutron flux is integrated over all neutron energies and shown for three soil depths, 0., 30. and 60. cm. The neutron flux from18 MeV protons striking the valve is below that of the deuterons and therefore will not be discussed.  The distribution peaks approximately 1.5 meters downstream of the steel valve. The peak neutron flux at a depth of 1 foot of soil is 1.7*10**-8 n/(cm**2-d). In the present configuration the nearest target is about 12 meters upstream of the planned water pipe location (Ref. 3). The flux would be decreased nearly a factor of 100 at this location relative to the peak. This reduction will not be used in this note, but if necessary configuration control could be added to ensure no potential targets are placed near the water pipe. The peak of the neutron flux will be used to calculate potential radioactive products produced in the water.
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Figure 1.

Most of the neutron spectrum is not relevant to the creation of radioactive products at this energy. The capture cross sections are sensitive to the low energy neutrons. For the purposes of this note we will integrate the neutron energy spectrum from 10**-5 MeV to 0 and use this number for neutron capture, 9.9*10**-9 n/(cm**2-d). The flux below 10**-5 MeV accounts for half of the total flux. Using the thermal neutron capture cross section and the flux below 10**-5 MeV should overestimate the production for neutron capture. The reactions that cause the parent nucleus to fragment into lighter nuclei have thresholds ranging from a few MeV to above 30 MeV. The low energy portion of the spectrum peaks at a depth of 30 cm of soil. The target is not sufficiently thick to populate the low energy portion of the neutron spectrum. The higher energy portion of the neutron spectrum starts to decrease immediately with soil depth. The fluxes at a soil depth of 30 cm will be used for activity concentration estimates.  Table I lists the neutron flux used for various energy thresholds.

Table I

	Energy Threshold (MeV)
	Flux in n/(cm**2-d)

	E<10**-5
	9.9*10**-9

	E>2.5
	1.2*10**-9

	E>5.0
	5.0*10**-10

	E>7.5
	2.4*10**-10

	E>10.
	1.2*10**-10

	E>12.5
	6.2*10**-11

	E>15.
	3.4*10**-11


There are limitations to the accuracy of the MCNPX results for the high-energy portion of the neutron spectrum. The reader is referred to the discussion of A. Stevens on this point (Ref. 4).

Water Composition

The composition of the water will determine the nuclei that need to be considered for activation products. Most elements in the water are at the parts per million level. The highest compound concentrations in the water are chlorides (29 mg/L), sodium (17mg/L), and sulfates (11 mg/L) (Ref. 5). The elements chlorine, sulfur, and sodium will have atomic concentrations of less that 10**-4. Several of these elements will be examined for the production of radionuclides from neutron interactions. The elemental fractions (Ref. 6) of water are the given in Table II.

Table II. Water Composition

	Element
	Atomic Faction

	1-H-1
	0.66656

	1-H-2
	1.E-4

	8-O-16
	0.3333

	8-O-17
	1.3E-4

	8-O-18
	7.E-4

	11-Na-23
	1.E-4

	16-S-32
	9.5E-5

	16-S-33
	7E-7

	16-S-34
	4E-5

	17-Cl-35
	7.5E-5

	17-Cl-37
	2.5E-5


Activity Concentration Formula

The activity concentrations can be calculated by a simple formula if the irradiation is assumed to be uniform in time. The activity concentration is 

Act(A) = BL*FL*Den(Ap)*Sig(Ap->A)*(1-exp(-Dc*t)*2.70E+4,

where Act(A) is the activity concentration of radionuclide A in pCi/L, BL is the beam loss rate in deuterons per second, FL is the neutron flux above/below the appropriate threshold in n/(cm**2-d), Den(Ap) is the density of the parent nucleus in nuclei per cm**3, Sig(Ap->A) is the cross section for a neutron to interact with nucleus Ap and create radionuclide A in cm**2, Dc is the decay constant for the radionuclide in sec**-1, and t is the time of the irradiation in seconds. For short-lived products the term in parenthesis is 1. For radionuclides with half-lives much longer than the irradiation time this factor can be very small. The maximum beam loss rate given in reference 4 is 1.25*10**10 d/s at a local point and it will be ignored that this will exceed the yearly total loss.

Activity Concentrations by Neutron Capture

The required thermal neutron capture cross-sections are given in Table III (Ref. 6) along with the decay constant for the radionuclide.

Table III.

	Capture Process
	Cross section (10-24 cm-2)
	Decay Constant s-1 
	(1.-exp(-dc*t))

	H2->H3
	5.2*10-4
	1.78*10-9
	8.5*10-3

	O18->O19
	1.6*10-4
	2.58*10-2
	1.

	Na23->Na24
	0.1
	1.28*10-5
	1.

	S34->S35
	0.24
	9.2*10-8
	0.36

	Cl35->Cl36
	433
	7.3*10-14
	3.5*10-7

	Cl37->Cl38
	0.43
	1.86*10-2
	1.


Those capture processes that produce stable nuclides have not been included in Table III.

The maximum activity concentrations from the neutron capture process are given in Table IV. These are expected to be conservative estimates as discussed above. The typical activity concentrations are at or below a few pCi/L.

Table IV

	Radionuclide
	Activity concentration (pCi/L)

	H3
	1.*10-4

	O19
	2.5*10-2

	Na24
	2.2

	S35
	0.8

	Cl36
	2.5*10-3

	Cl38
	2.4


 A possible condition could exist that would increase the concentration of the short-lived isotopes. The chipmunk interlock level allows a beam current below 200nA, which corresponds to 1.25*10**12 d/s. The chipmunk alarm level is set at 80 nA. It would be possible for the beam to operate just below the interlock level for a short time, before the operators could respond. The activity concentration of O19 and Cl38 could rise to 2.5 pCi/L and 240 pCi/L for a brief time.

Activity Concentrations by Fragmentation Processes

The reaction cross-sections from activation libraries can be used for the production estimates of various nuclides. No attempt has been made to properly integrate the neutron spectrum and the energy dependence of the cross section. Instead a simple threshold is determined from the data and an approximate constant cross section assigned above the threshold. This is then multiplied by the flux of neutrons above the threshold energy as tabulated in Table I. 

For neutrons on O16 the JENDL data (Ref. 7) will be used. The production threshold in the reaction 16O(n,p)16N is at about 11 MeV with an approximate cross section of 4*10**-2 barns. This results in a 36 pCi/L of N-16. The 16O(n,2n)15O reaction has a approximate threshold of 18 MeV and a cross section of about 10**-3 barns. There would be about 0.26pCi/L of O-15. The FENDL library (Ref. 8) has the threshold for tritium production at about 16 MeV with a cross section of approximately 0.15 b. An activity concentration of 0.33 pCi/L of H-3 is estimated.

For O-17 the FENDL library will be used. There are two cross sections with thresholds of the order 15 MeV and a cross sections of 0.05 barns for the production of N-16 and N-17. The activity concentration for each is about 5*10**-3 pCi/L.

The FENDL library is also used for O-18. The largest activity concentration appears to be produced by the (n,p) reaction creating N-18. The threshold is approximately 16 MeV with a cross section of approximately 0.4 barns. N-18 has a decay constant of 1.1 s-1.

The activity concentration is 0.25 pCi/L

Using the JENDL library for Na-23, concentrations of 3*10**-4 pCi/L of Na-22 and 8*10**-2 pCi/L of Ne-23 are estimated. The Na-22 concentration has a large reduction due to the life-time.

The JENDL library is used to estimate the production from S-32. The highest activity concentration is obtained for P-32. The threshold is about 2 MeV with a production cross section of 0.3 b. An activity concentration of 0.08 pCi/l is obtained with the (n,p) reaction.

There are numerous other activation products produced in the water. However, their concentrations are typically much lower than the examples given above. The low activity concentrations are a result of the small neutron flux, the low neutron energy, and low level of contaminates in the water.  Table V summarizes the activity concentrations calculated in this section. As noted in the section on neutron capture, the beam could operate for several minutes at 100 times the beam loss assumed in these calculations causing a corresponding increase in the concentration of short-lived products. All the products in Table V are short-lived except Na-22 and P-32.

Table V.
	Produced Isotope
	Activity Concentration (pCi/L)

	H-3
	0.33

	0-15
	0.26

	N-16
	36.

	N-17
	5.*10-3

	N-18
	0.25

	Na-22
	3.*10-4

	Ne-23
	8.*10-2

	P-32
	8.*10-2


Summary

Estimates have been made for the potential activity concentrations that could be created in the proposed water pipe. In most cases conservative assumptions and approximations are made to overestimate the potential concentrations. If any concentrations are close to the drinking water standard then more careful calculations could be preformed.

References

1) A. Pendzick, private communication.

2) D.B. Pelowitz, Editor,”MCNPX User’s Manual “ , Version 2.5.0, LA-CP-05-0369, April 2005. Version 2.5f was used for these calculations.

3) C. Carlson, private communication.

4) A.J. Stevens, “Deuterons in TTB: Radiological Issues”, August 16, 2001.

5) R. Lee, private communication.

6) C.M. Lederer and V. S. Shirley, Editors, Table of Isotopes, Seventh edition, 1978.

7) Nuclear Data Center, Japan Atomic Energy Agency, JENDL-3.3.

8) Nuclear Data Services, International Atomic Energy Agency, FENDL in Pictures version 0.1.

