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Pre-experiment and mid-experiment evaluation sheet:

You must meet with a staff member before the beginning of each experiment and before the lab period indicated in the middle of the experiment for an evaluation of your preparation and progress.  This form should be attached as the first page of your final report.  You will be penalized for each section of the report (pre-lab, mid-lab, final) that is not completed on time.  You are responsible for relevant parts of the course notes, especially radiation safety.
Van de Graaff: Lifetime of 11C
Student name _____________________________________________________

Partner name _____________________________________________________

Pre-lab discussion:

Be prepared to show that you have read the background material for this experiment by discussing the following questions with the staff:

1.  How does a photomultiplier work?

2.  How does a NaI crystal detect gamma rays?

3.  In case you get an electrical shock—how much voltage(current) can kill you?
4.  What is the minimum radiation dose (in mrem) which causes rapid human death?

5.  What is the typical yearly dose humans receive on the surface of the Earth?

Staff comments: _______________________________________________________________

Signature: _________________________________________  Date ________________

Mid-lab report:

Before the 5th lab period for this experiment state the essential requirements to tune the Van de Graaff proton beam and measure the coincidence count rate from a 1 
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Ci 22Na source.
Staff comments: _______________________________________________________________________

Signature: _________________________________________  Date ________________

Van de Graaff: Lifetime of 11C
(9/24/10)

Introduction:

In 1910 Ernest Rutherford did the first scattering experiment, shooting 
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particles from a radioactive source through metal foils, and discovered the atomic nucleus. It became obvious that to examine nuclear structure it was necessary to increase the energy of the probe, both to achieve a smaller wavelength and excite nuclei beyond their ground states.  In 1931 Van de Graaff (R. J. Van de Graaff, Phys. Rev. 38, 1919A (1931)) built an electrostatic accelerator that was useful for many years to study nuclear structure.  We have such an accelerator in the physics building that was used for research until 2007.  It is now funded by the Center for Accelerator Science and Education (CASE) http://www-case.physics.sunysb.edu/.  

Rich Lefferts  (office S107, rlefferts@notes.cc.sunysb.edu) is the Van de Graaff operator and the coordinator of this experiment.  You should arrange your work with Rich.  The Van de Graaff accelerator is a potentially dangerous place and Rich should always be aware of what you are doing if you are in the VdG lab. 

In this experiment you will learn how to operate the Van de Graaff accelerator, use it to make radioactive 11C nuclei (via the nuclear reaction 11B(p,n)11C) and measure the lifetime of  11C by detecting the annihilation of the emitted positrons into two gamma rays.  The 11C nucleus is used in Positron Emission Tomography, to make an image of how the 11C nuclei flow through a patient’s body, using equipment very similar to yours.
Ion Source:


This experiment requires a proton beam, which requires H- ions (proton nucleus plus two electrons) exiting from the ion source.  See
http://www-case.physics.sunysb.edu/wiki/index.php/Ion_Source .  
H- ions are injected into the  Van de Graaff, accelerated to terminal (voltage as high as +8 MV), where both electrons are stripped off each proton and the protons are accelerated again away from the terminal.   This principle of the Tandem Van de Graaff accelerator is used to double the energy of the beam from that which would be expected by an acceleration through the electrostatic potential on the terminal.  Titanium hydride pellets produce the H- beam from a cesium sputter source.  You will tune the beam using electrostatic lenses and the low energy Faraday cup to measure the beam current.  In order to be able to inject H- ions into the Van de Graaff accelerator (with the VdG tank at ground) the ion source rests on a table which is held at a potential  of -0.4 MV (that’s       -400,000 V!).  It is interlocked so you cannot approach it with the voltage on.  Be sure that you never approach it without R. Lefferts.

The ion source is a General Ionex 860A Inverted Sputter negative ion source.  An inverted sputter source works by creating a beam of positive ions which hit a sample of the material of interest, in our case titanium hydride. The positive ions traverse several atomic layers and stimulate the sample to sputter out material. Any negative ions which are released are extracted by a large potential.


The positive beam consists of cesium (Cs+) ions. The source of Cs is called the boiler, a small vacuum chamber which holds about 1 gram of Cs with a 40 Watt heater. The Cs boiler temperature is controlled through the current on the boiler power supply.  Cs vapor enters the source head through a feed tube. The neutral Cs vapor finds the ionizer, a coil of tantalum wire which is heated to 1200oC.  The vapor pressure of cesium is very high at 1200oC. Tantalum has a work function of  4.25 eV while Cs has an ionization potential of 3.89 eV. Therefore, it is energetically favorable for a neutral Cs atom to donate an electron to the tantalum and become a Cs+ ion.  These Cs+ ions are  accelerated toward the sample holder by a potential of -3 to -5kV created by the cathode power supply. The sputtered negative ions are pulled out of the titanium hydride sample  by the extraction power supply, typically at 15kV relative to the sample.

Preparation:

Before one operates the ion source, there are checks to perform. Only then can one switch the AC power for the ion source table from wall power to the motor-generator set which powers the isolated table. Typically students will do these steps under the direct supervision of the accelerator staff who will explain them in detail..

It is wise to check that the LabView control system is running before taking further steps. Use the Measurement and Automation Explorer (MAX) to see that all of the satellite computers are on and responding.  If a machine does not respond, try a soft re-boot using MAX. If this fails, it may be necessary to do a hard re-boot at the machine.


Checks:

* Check levels of deionized water, vacuum.  Are gate valves operating.
* Check isolation vacuum level.  Preparing to turn off the turbo pump’
* Switching AC power source.
* Rrestore vacuum.
* Turning on power supplies at table, magnet and source stations.
* Close the cage. 

* Opening the low energy (LE) tube valve.
* Turn on AC power for the cathode, extraction and Glassman   

   (table/injection/pre-accel) power supplies.
Operation: 

* Ensure that the ion source drive shaft is on, vacuum is good, power supplies are on, gate valve is closed, LE tube valve is open.

* Ensure that the control system is running.  MasterRT.vi front panel does the rest.

* Ensure that the LE Faraday cup is in (green) and that the selector switch sends that current to the electrometer.
* Ensure that the extraction voltage is ~15 kV, the inflection magnet is near a useful ion mass (1 for protons, 16 for oxygen). 

* Raise the ionizer voltage to 8V gradually over a few minutes. Do not exceed 22 Amps. You will observe the heating of the tantalum coil by an increase in the resistance of the ionizer. At the very end you may exceed 22 amps if required to reach 8V.

* Set other parameters to likely values:

** Einzel lens to 3 kV

** variable steerer to same setting as fixed steerer

** ground station triplet X to 1.1 kV and Y to 1.2 kV 

** LE steerer H to -700V and V to +1100 V .

* Once the ionizer has 8V (~175 Watts) raise the cathode voltage slowly. If you see rapid changes to the extraction voltage/current or cathode current or a decrease in the ionizer current there may be sparking. In this case, lower the cathode voltage below the sparking point and wait.  Increase the voltage slowly. A good first value will be 2 kV.  

tuning:
* Observe the LE Faraday cup current on an electrometer. Note that it should be negative.  If there is no current, note your starting value and scan the inflection magnet. Hint: Mass 16 will be present for any sample unless there is something wrong.

* If the beam cannot be found or has a low beam current, the cesium boiler can be pushed. A higher Cs boiler temperature results in higher Cs vapor pressure and higher Cs current.  

Tandem Van de Graaff: 


The operation of the Van de Graaff is described in more detail here 
http://www-case.physics.sunysb.edu/wiki/index.php/Tandem .
Our accelerator is FN-8, the eighth King Tandem built by the High Voltage Engineering Corporation, founded by Robert Van de Graaff and partners.  A Van de Graaff generator produces a high DC voltage by having a constant current source deliver charge into an enormous resistance.  Our constant current source is a charging belt, which mechanically transports charge from ground against the high voltage terminal potential and delivers it to the terminal.  In our FN-8, this belt is a chain of aluminum, stainless steel and plastic called a Laddertron. It is ~12 meters long, revolves at 12 meters per second and can deliver a total current of 250 A. Charge is induced on the links of the belt by exposure to a high voltage (up to 50 kV) power supply while the links are in contact with a grounded, conductive pulley. Each charged link is then moved away from the pulley and becomes isolated, except for a very high resistance path back down the chain through the plastic insulators. The charged link is moved to the terminal where another conductive pulley receives the charge. 

There are three paths for this charge to return to ground: the beam, the corona circuit (used for control, see below) and the VdG support columns. These columns are split electrically into 200 planes. These planes are connected by 800 MΩ resistor assemblies, creating a total column resistance of ~80 GΩ. If the total beam current is small (less than 1 µAmp) and the control circuit takes 20 µAmps, then 70 µAmps of Laddertron current will result in 80x109  
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106 Volts.


Voltage control is achieved with the corona circuit. Sharp needles are placed on a motor-driven rod and moved close enough to the terminal to draw ~20 µA of current. This current is allowed to flow to ground only through a vacuum triode.  Control of the triode grid voltage regulates the corona current and so regulates the terminal voltage. The grid voltage is controlled either by the Generating Voltmeter (GVM) circuit, which compares the terminal voltage as measured by a GVM to a reference value, or by beam regulation. In this method the Tandem output beam is bent 90o by the analyzing magnet and allowed to hit a pair of slits.  Most of the beam passes through but the tails of the current are intercepted, amplified and compared.  A circuit then controls the triode grid to keep the slit currents equal.   

preparation:
The Tandem drive motor is interlocked to several systems to prevent danger to operators and equipment. These interlocks are all satisfied under normal conditions; one usually finds a problem when an interlock acts by preventing the drive motor from starting. The interlocks include

* a flow switch on the cooling water to the coils inside the high energy (HE) end, 

* switches on each of the 4 access ports, 

* relays in the LE and HE vacuum gauges (set to ~5x10-6 mmHg(Torr)).
startup:
* Go to the HE end of the tandem.
* Ensure that the HE vacuum is ~1 x 10-7 Torr and that the Laddertron tension is ~900 lbs.
* Plug in the start switch. Jog the belt by pressing Start and then quickly pressing Stop. Ensure that the AC monitor responds, the vibration monitor responds, the tension monitor briefly shows lower tension and that the sound of the belt is ... right (as determined by accelerator staff)..

* Start the drive motor again. The sound should go up in pitch, stabilize and have a 1 Hz hum. The AC monitor should show ~118 VAC on all three phases. The vibration monitor should show ~1.5 units (mm/sec). The tension should fall to ~600lbs.

* If any of the above values are far from nominal, please seek assistance.

operation:
At present, raising and setting the tandem voltage involves a mixture of analog controls and the master control program in LabView. Proceed to the control room and you will learn the latest version. As of October 2010 the procedure is:

* Raise the base charging potentiometer to 2.2 turns. This will raise the base charging supply to voltage and result in positive charge travelling up the chain to the terminal. The Laddertron charging ammeter should show ~35 µA.

* Raise the terminal charging potentiometer to 2.0 turns. This will raise the terminal charging supply to voltage and result in negative charge travelling down the chain from the terminal. The Laddertron charging ammeter should show ~70 µA (35+35).

* Select the tandem tab in on the front panel of MasterRT.vi. Observe that the displayed voltage will be approximately 3 MV. Use the control to set a voltage near 3MV. You will observe the control signal change on the console oscilloscope and the grid and control currents respond. The tandem should reach the new reference voltage in 1-2 seconds.

* The desired voltage can be found from the desired energy. An online utility can be found at http://casensl4.physics.sunysb.edu . 
Target Room:

The VdG proton beam exits the VdG tank at an energy of about 6 MeV.  It then goes through a magnetic quadrupole triplet (used to focus the beam) and a magnetic dipole (which is used to tune the beam energy) and is eventually brought through a wall (to provide radiation protection) into the target room.  Your beam line is one of many in the target room.  You should be aware that your beam line is connected to the accelerator vacuum system.  Rich Lefferts will show you how to close off the accelerator vacuum before opening your beam line vacuum chamber to insert your 11B target which you will use to make 11C.  The target was made by Andrzej Lipski, who is a staff member who specializes in this type of work.  Your target is a tantalum foil on a tantalum frame.  Boron powder has been deposited on the foil.
Gamma-Gamma Coincidence Measurement:


Before you are ready to measure the 11C lifetime, you must set up your gamma-gamma coincidence measurement system which you will use to detect the positron annihilation photons coming from the positron emitter 11C.  Use a 1 Ci  22Na source, another positron emitter, to set up your 11C lifetime measurement.














Equipment:
2 Bicron NaI(Tl) 2” crystals with photomultiplier tubes and bases 

Tektronix TDS 2024B oscilloscope  This scope has storage capability.

2 Ortec 0-2 kV bias supplies.  We use negative high voltage (HV).

Phillips Scientific 710 Octal Discriminator

Lecroy 364 AL 4 fold Logic Gate (coincidence circuit)

Ortec 871 Timer and Counter

We use two sodium iodide (NaI) detectors and a coincidence circuit to observe the decay of 11C. The NaI detectors are a pair of Bicron 2" diameter, 2" long cylindrical crystals with a special thin window.  The crystals are viewed by photomultiplier tubes (PM) using bases which were built in the Department of Physics and Astronomy electronics shop.  They distribute the high voltage (negative!) to the PM dynodes via a resistor chain. The tube base has connections for high voltage (-HV), dynode (D, the seventh dynode) and anode (A, the tenth and last dynode). 


SAFETY NOTE:    All surfaces on the detectors, electronics and cables are at ground potential. HV cables have grounded shields and all exposed HV is recessed away from stray fingers. Nevertheless, one should always follow the instructions carefully and be alert to frayed, damaged cables or loose connections.  Be gentle toward these NAI detectors.  Always turn down the HV to 0 before turning off the bin.

Put the NaI detectors close together for this measurement.  We don’t care about the angular resolution in this experiment and want to maximize our rate.  Use high voltage of -1100 to -1200 V.   You should be able to easily see the annihilation signals on the scope.  Does positron annihilation always produce two photons?  What is the energy of each gamma ray?


In this experiment the NaI pulses and logic signals must be terminated by a 50 impedance.  The input impedance of all logic units and the counter is 50

Consult the references to find the expected spectrum of pulse heights from 22Na.  Do all gamma rays emitted come from positron annihilation?  Do you expect all the energy of one gamma ray to be always be contained by our NaI crystals?   Use the smallest possible discriminator threshold (about 23 mV – although Phillips claims it is lower).   Look at the output of both crystals with the scope.  Use one crystal to trigger on the other and you will see an unbiased spectrum on the second crystal resulting from the true coincidences.   What is the width of each discriminator output pulse?  Why might you want this width to be small?


Now feed the discriminator output of channels 1 and 2 into the coincidence circuit and then feed the output of the coincidence circuit into the counter. Look at all the signals to be sure that the electronics system is operating properly.  Measure the singles rates of 1 and 2 and their coincidence rate.  What is the rate for random coincidences (coming from two different annihilations).  Estimate this randoms rate and then measure it.


In preparation for your measurement of the 11C lifetime plan how you will use your counter to do the measurement, considering the fact that lifetime is known to be of order 30 minutes.   Your measurement system must be set up and ready to count before you make your 11C sample.  You will have to carefully record the times at which you make your rate measurements and the length of time of each measurement.  The law of radioactive decay gives for 
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so that the measured rate of decays can be written 
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where 
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 is the lifetime, 
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is the fraction of decays accepted by the pair of crystals and C represents a possible systematic error in your experimental method.  What is the cause of a nonzero value of C?  Can you determine the value of 
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 separately, before you obtain  your 11C sample?  
Fit for the Lifetime:


Use the fitting procedures given in the class notes to determine the 11C lifetime.  Be very clear about how you determine your uncertainties for the points fit and how you determine your final uncertainty for the lifetime.  It is recommended that you use EXCEL to do the fit, because you actually have to write your fitting program with EXCEL.  If you use any other program you must prove, using a simple test data set, that you get the correct result. 
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