Hot Horn Handling & Radiation 

Safety In NuMI Target Hall
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Abstract 

In an effort to verify the Japanese Super-K (Super-Kamiokande) experiment’s conclusion that neutrinos have mass Fermilab’s MINOS (Main Injector Neutrino Oscillation Search) experiment will attempt to find oscillations in neutrino flavors (muon, electron, & tau). Such oscillations would be definitive proof that neutrinos have mass. NuMI (Neutrinos at the Main Injector) is the Fermilab project that is responsible for providing the beam of muon neutrinos to be used by the MINOS experiment. 

A beam of 120 GeV protons will be extracted from Fermilab’s “Main Injector” where it will pass through a target hall. In the target hall the beam of protons will collide with a Carbon Target producing a scatter of charged pions and kaons. An electromagnetic horn will re-culminate this beam and a second horn will focus the energy of this beam, which will then pass through a decay pipe where the pion/kaon beam will decay into muons and muon neutrinos. The beam will then pass through an absorber and about 50 ft of rock that will remove unwanted particles still in the beam such as the muons. This leaves a beam of pure muon neutrinos to pass through the MINOS near detector, which will verify the composition of the beam. The beam then passes underground 730 km to the MINOS far detector located half a mile underground in the Soudan mine in Minnesota, which will again look at the composition of the beam. 

The data at the far detector will be compared to the data at the near detector, and if electron or tau neutrinos are found in the beam at the MINOS far detector then two things will happen. First there will be a large celebration at Fermilab, and second the NuMI target hall will be reconfigured to deliver a different energy level focus by moving the second horn into a different position along the beam-line. The MINOS experiment will then go on to try to answer other important neutrino questions such as what is the difference in the square of the masses of the oscillating neutrinos (“delta mass squared”).
I: Introduction
This paper focuses on the first electromagnetic horn. This horn is expected to break down occasionally (projected once per year), and will need to be removed and repaired/replaced. My project this summer was to estimate doses that personnel would receive while doing such a job. Being located directly downstream of the carbon target the first horn sees a lot of beam. As a result it becomes highly radioactive. The downstream flange (View of the horn from the downstream end is a disk source) has been predicted by the Monte Carlo Simulation MARS 14 to reach Dose Rate on Contact levels of 1200 rem/hr after 30 days of irradiation, and 1 day of cool-down. MARS 14 predicts that for the same irradiation and cool-down time the upstream flange, and the outer conductor reach levels of 800 rem/hr, and 600 rem/hr respectively, and the bottom of the steel module frame and the steel T-blocks inside the frame are both predicted to reach levels of 100 rem/hr. 

II: Theory
In order to calculate the dose that persons will receive while doing work in a radioactive environment first you must know the Dose Rate On Contact of the relevant radiation sources. It is preferable to get these numbers from measured data obtained from previous work on the same sources under similar conditions. In the case of predicting doses for a NuMI’s horn #1 change out however this is not feasible, because radiation work has never yet been done in the NuMI target hall do to the fact that it isn’t even built yet. The next best place to get good Dose Rate On Contact estimates is from Monte Carlo Simulations such as MARS 14, which is the source of the Dose Rate On Contact numbers currently used in the estimation tool “NuMI Hot Horn #1 Handling 4.0.xls”. 

There is a problem with Dose Rates On Contact gotten from MARS 14. MARS 14 only calculates Dose Rates On Contact based on the assumption that the materials have been irradiated for 30 days, and have had 1 day to cool-down. It is not feasible that these dose rates are the dose rates that technicians are going to see while doing work on horn #1. First of all the irradiation time is bound to be longer than 30 days. The target hall is likely to see about a year of beam on before any work needs to be done in the target hall, but since the beam is pulsed the equivalent irradiation time is about 9 months. Second of all it is very improbable that technicians will be sent in to do work immediately after shutting off the beam. Just to do all of the necessary paperwork, get authorization, and mobilize a crew to do the work is likely to take about a week, so a more likely cool-down time is 7 days. This is very convenient since the most active component in the target hall (horn #1) is made of aluminum, and the majority of the isotopes produced in aluminum have a very short half-life, which means most of the radioactive decay in aluminum takes place in the first week. This can be seen in the Barbier’s Danger Curve for aluminum (see FERMILAB-TM-1834 Revision 5, page 7-29) [*1].
These “Danger Curves” can also be used to extrapolate Dose Rates of different irradiation/cool-down times from the MARS 14 Dose Rates. To do this find the Dose Rate given be the danger curves of the appropriate material at 30 day irradiation and 1 day cool-down. Then divide the (30 day, 1 day) Dose Rate by the Dose Rate of the desired irradiation/cool-down time, which will give you a ratio you can use to convert the MARS 14 numbers. To do this just divide the MARS 14 Dose Rate by the ratio and it will give you the Dose Rate for the desired irradiation/cool-down time.
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This way of generating the ratios introduces some error due to human error reading off the charts. Another drawback is that these curves are not available for all substances, introducing even more error. There is a more preferable method of obtaining these ratios. Material samples can be irradiated and their activation measured. Then the following equations can be used to find the Dose Rates for different irradiation/cool-down times.

Note: The Following Equations And Explanations Were Obtained From Alex Elwyn[*3] By Private Communication At Fermilab During The Summer Of 2001.

Each Sample cooling curve for Fredron was fit to an expression, with Fredron at 1’ from sample,
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   The activity of each sample at tirr and tcool is:
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(2)

Then since the DR is proportional to the activity:

i.e.    DR=kA 

(3)

We get:
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(4)

For each sample, the fits were based on an irradiation of 37.7 hrs (that is, the a1,a2 from fits correspond to tirr=37.7hrs).

In order to compare results to calculations with MARS, we must calculate coefficients expected for tirr=720hrs  (30 days)

Thus, from (4) above:

And
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(5)

Thus, for 720 hours irradiation:

And
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(6)

Where from data at tirr=37.7hrs 



Aluminum

a1=34.39


a2=0.01







(1=0.046 hr –1

(2=5.42(10 -4) hr –1
(7)


Iron



a1=2.38


a2=0.233







(1=0.00516 hr –1

(2=9.25(10 -5) hr –1
(8)


Concrete


a1=1.12


a2=0.0037







(1=0.046 hr –1

(2=5.42(10 -4) hr –1
(9)

Then: To find coefficients (an) for any other irradiations time:
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(10)

Note: End reference from Alex Elwyn.

Then to find the Dose Rates for irradiation/cool-down times plug the desired coefficients (an) in to the formula:
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These Dose Rates then can be used to find ratios to be applied in the same way the ratios from the Danger Curves were applied.
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The next step in predicting Doses is to define the work procedure. Then the procedure must be broken up into detailed steps, and analyzed.  Where are radiation workers going to be located inside the target hall during each step? If they not stationary, then what is their average position? Where are the radiation sources located with respect to the radiation workers? What is the geometry of the radiation sources? Where is radiation shielding located in the target hall? How long does it take them to complete each step? These things must be known so that you may accurately describe mathematically what happens during the work procedure. 

Then for each step in the procedure line of sight for each source of radiation must be considered. How much shielding if any is blocking the line of sight to each radiation source? What material is the shielding composed of? What is the distance to each source? The answers to these questions are needed to attenuate (find the equivalent dose rate) the dose rate for each step in the procedure. Even though the value of shield attenuation depends on the geometry of the source, the basic formula for the attenuation due to shielding is the same:
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Where ( is the attenuation length of the material, and x is the thickness of the material. To find the attenuation length of different shield materials exponential regressions were fit to experimental data plots.
Note: The Following Data Fits Were Obtained From Kamran Vaziri[*2] By Private Communication At Fermilab During The Summer Of 2001.
In this attenuation plot for Lead shielding a Line Source, the constant number “0.006547” is what is referred to in the “Workbook” & “Read Me” as the “Line Source Coefficient Of Data Fit For Material” (here called LcL). And the constant number in the exponent “0.77673” is what is referred to in the “Workbook” & “Read Me” as the “Data Fit Line Source Material Attenuation Length”(here called (L). 
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In this attenuation plot for Iron shielding a Line Source, the constant number “0.0087649” is what is referred to in the “Workbook” & “Read Me” as the “Line Source Coefficient Of Data Fit For Material” (here called IcL). And the constant number in the exponent “0.41222” is what is referred to in the “Workbook” & “Read Me” as the “Data Fit Line Source Material Attenuation Length”(here called (L).
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In this attenuation plot for Concrete shielding a Line Source, the constant number “0.011393” is what is referred to in the “Workbook” & “Read Me” as the “Line Source Coefficient Of Data Fit For Material” (here called CcL). And the constant number in the exponent “0.14039” is what is referred to in the “Workbook” & “Read Me” as the “Data Fit Line Source Material Attenuation Length”(here called (L).
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In this attenuation plot for Concrete shielding a Point Source the constant number “1.4034” is what is referred to in the “Workbook” & “Read Me” as the “Point Source Coefficient Of Data Fit For Material” (here called CcP). And the constant number in the exponent “0.1087” is what is referred to in the “Workbook” & “Read Me” as the “Data Fit Point Source Material Attenuation Length”(here called (P).
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In this attenuation plot for Iron shielding a Point Source the constant number “1.8789” is what is referred to in the “Workbook” & “Read Me” as the “Point Source Coefficient Of Data Fit For Material” (here called IcP). And the constant number in the exponent “0.33759” is what is referred to in the “Workbook” & “Read Me” as the “Data Fit Point Source Material Attenuation Length”(here called (P).
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In this attenuation plot for Lead shielding a Point Source the constant number “1.1122” is what is referred to in the “Workbook” & “Read Me” as the “Point Source Coefficient Of Data Fit For Material” (here called LcP). And the constant number in the exponent “0.56496” is what is referred to in the “Workbook” & “Read Me” as the “Data Fit Point Source Material Attenuation Length”(here called (P).
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The fact that these regression equations are offset by a coefficient complicates the equations for AShield Attenuation when there is more than one type of shield material blocking line of sight to a radiation source. If you were to just multiply AShield 1 by AShield 2 the coefficients would contribute twice instead of once providing you with an overly optimistic shield attenuation. To get around this difficulty, (L/P is considered the real attenuation length to be used in the equation [AShield Attenuation=e-(x]. This equation is done for each material in the shield, then the product of the answers is taken. This product is called the “Data Fit Shield Attenuation”, and labeled “SAL/P”. The product is taken of the coefficients of each material used in the shield, and is called the “Equivalent Coefficient Of Data Fit For Shield”, and labeled “EcL/P”.  The number of layers of different material in the shield is called “Layers Per Shield”, and labeled “LPS”.
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If there is only one shield blocking line of sight to a radiation source the formula for Shield Attenuation is:
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If there is more than one shield blocking line of sight to a radiation source the formula is a little more complicated:
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The equations for distance attenuation differ depending on the geometry of the source.

If the source is a Line source then the Dose Rate (DR) is given by the following formula:

Note: The Dose Rate On Contact is actually the Dose Rate 1 cm away from the surface of the source. In the following equations this conversion ratio is used to convert that distance to feet “[(1cm/1)*(1in/2.54cm)*(1ft/12in)]”. It appears elsewhere simply as the decimal number “0.032808399”.
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If the source is a Point source then the Dose Rate (DR) is given by the following formula:

Note: The Dose Rate On Contact is actually the Dose Rate in a 1 cm2 area 1 cm away from the surface of the source. In the following equations this conversion ratio is used to convert that area to feet “[(1cm/1)*(1in/2.54cm)*(1ft/12in)]2”. It appears elsewhere simply as the decimal number “0.001076391”.
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If the source is a Disk source then the Dose Rate (DR) is given by the following formula:
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The Equivalent (Attenuated) Dose Rate for each source “DRS” is the product of the Dose Rate On Contact and the distance and shield attenuations:
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The Equivalent (Attenuated) Dose Rate for each step “DR” is the sum of all applicable “DRS”.
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The amount of dose that a person receives during each step is the product of the “DR” and the amount of time “t” it takes to complete the step.
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The amount of dose that each person gets during the procedure is the sum of all the Doses of each step that the person worked on. The amount of dose for all employees is the sum of the doses received by all persons who were part of the procedure.

III: (NuMI Hot Horn #1 Handling 4.0).xls
“NuMI Hot Horn #1 Handling 4.0).xls” is a Microsoft Excel spreadsheet which uses the formulas given in the “Theory” section to estimate the dose persons will receive while removing and repairing/replacing Horn #1. Furthermore the spreadsheet is automated by macros written in Visual Basic. These macros perform a variety of tasks, such as operating standard Excel editing commands by use of “Hot Keys”, removing or replacing individual radiation shields from/to the simulated target hall, switching between Dose Rates On Contact of various irradiation/cool-down times, and determining editing accessibility in order to safeguard the spreadsheet from accidental or intentional damage to the data and or operations. All of the macros, with the exception of the editing command macros, are run by use of option buttons or check boxes.

There are currently 6 “Security Passport Levels” which allow or deny access to 6 different “Operating Modes” which are entered by running “Security Macros”. These “Security Macros limit editing accessibility by locking or unlocking the members of different “Data Classes”. Each “Data Class” is color coded for easy recognition. For example all members of the “Variables Data Class” such as distances, times, and the number of people per task are written in blue text, and the members of the “Operations Data Class” are written in red or orange text depending on weather the operation is a formula (red) or a cell reference (orange). The color code is explained on the “Editor’s Key” Page in the spreadsheet

IV: Conclusion
Radiation Safety Officials normally have to spend a lot of time writing procedures and doing these same calculations by hand to estimate received doses before authorization can be given to carry out any radiation work. The best part about the spreadsheet’s design, is it’s flexibility. The spreadsheet can easily be adapted for any procedure of any facility. With this design most of the work is already done. If the procedure has already been defined you just input the desired Dose Rates On Contact for each radiation source, if not then you will also have to input time variables and, define the procedure with the layout of the work area (i.e. personnel, shielding, & radiation source locations).
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