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                                                         ABSTRACT

The intent of this paper is to provide a basis for detecting terrorist radiological threats.  The threat must be detected by both first responders and fixed platform lab interrogated systems which must be verified before involving NEST.  The best link is a dedicated internet link to the national labs tasked to evaluate the isotope from background to threat.

There is a considerable amount of natural radioactivity from elements such as tritium H3, Be7, C14, K40, Rb87 and to naturally occurring elements above atomic number 84 (polonium) which are unstable hence break down emitting alphas or betas, and most of the time, gammas, to reach a more stable configuration which may involve another few more disintegrations.  We want to be able to discriminate between this background and a real threat.  

There is three types of radiation sources which we need to detect: 

1.medical & industrial isotopic sources, 

2.reactor waste products, 

3. true weapons grade material including weapons

                                                           THEORY

TYPE I. The medical isotopic sources easily obtained are Ga67, Tc99, Pd103, In111, I 131, Xe133,Tl201.  Industrial isotopic sources easily obtained are K40, Co57, Co60, Ba133, Cs137, Bi207, Po210, Ra226, Th232, Am241. 

The best detection of medical & industrial isotopic sources may be through their x- ray signatures since their beta & alpha emissions are easily masked with thin layers of material.  The x-ray suppression will take high Z materials such as lead.  A 1 kg Co60 source used in an obsolete medical x-ray irradiation facility will produce 4.19x10E16 Bq (decays/second).  A 1 cm of lead will transmit 54.3% of the x-rays.  A 1 kg of Cs137 produces 1.86x10E15 Bq  where 1 cm of lead transmits 30.4% of the radiation.  This means we have a good opportunity to detect them unless the terrorist has a sophisticated  (There is technology which allows us to build thinner shields using  a technique called fluorescence grading that uses the x-ray fluorescence photon produced in the decay to be absorbed by a material lower in Z which has an absorption window for that energy which in turn emits a lower energy photon)  shield of sufficient thickness. If we are trying to detect at a 10m distance in air, the transmission of 662 kev photons is 90%, for 1.33 Mev photon 92% and for 2.61 Mev photons 95%.  The total absorption in air takes place by 1 km for 662 kev photons, 1.5 km for 1.33 Mev photons and 2 km for 2.61 Mev photons.

We will concentrate on x-ray spectroscopy for the first two types of sources.  We will use x-ray spectroscopy and  neutron detection for detection of weapons grade components.  This last type of source will be further defined as to probability of type of fissile material with the most likely terrorist weapon design.  

Their are a number of x-ray detection schemes and a few are listed here; 

1.Ionization Chamber detectors

2.Proportional Counters

3.Geiger Muller Tubes  

4.semiconductor detectors (Si-PIN, CdTe, CdZnTe, GaN,GaAs, photoconductors) 5.scintillation detectors

The ionization chamber is normally a cylinder with a central electrode, backfilled with a gas which the radiation ionizes.  The voltage is kept in the region II ionization produced ion production outpaces recombination but where gas multiplication has not taken off.  These are low gain but give single event capability.

Proportional counters operate in region III where higher voltage promotes the electron acceleration hence gain to the ionization initiated by the radiation.  These preserve the dependence of the pulse size on the primary ionization.

Geiger Muller tubes operate in region IV where the response is linear so that it can resolve single events.  The charge collected is independent of the ionization initiating it. 

The gas multiplication increases the charge to a value limited by the chamber & driving circuit.  This region has the number of ions collected independent of voltage.  All alpha, beta & gamma radiation types can be detected with these type of detectors with no energy spectral information.

Quantrad & UDT among others manufacture Si-PIN type detectors.  Gull manufactures GaAs photoconductors for x-ray detection but all these detectors use k edge filters to get the spectral discrimination information.   The intrinsic efficiency of these detectors run from 0.1% to 5% for the x-ray regions of interest.  The higher band-gap materials such as CdTe, CdZnTe and GaN are evolving to produce up to 20% efficiencies.  Gull is engaged in initial fabrication of GaN type detectors.  The most sensitive and narrowest spectral response comes from  liquid nitrogen cooled media such as Ge/Li (cooled detectors provide lowest dark current hence not widening the spectra peaks).   

The scintillator must be shielded with a Cd or B filled poly shield if there are neutrons present or suspected thus preventing their detection.  There is a variety of scintillator materials from liquid NE213 solutions bearing phosphorus in a hydrocarbon fluid to solid materials such as Pilot B, NE111, CsI and NaI(Tl). The most widely used type of x-ray spectroscopy detector is NaI(Tl) coupled to a photomultiplier tube which sees the 4200 A light from the scintillations eminating from the x-ray interaction with the medium.   The two portable x-ray detection systems shown here are for first responders and can give some immediate indication of the type of isotopes at hand.  Their sensitivity is limited to the volume of the NaI(Tl) and to the size & gain of the photomultiplier.  Their respecitive multichannel analyzers compare the detected spectra with data libraries for identification.  

TYPE II.  Fission fragments contained in spent fuel rods represents a significant threat when dispersed in a high explosive matrix.  The only good news is that only a few of the isotopes have a long half life thus with some knowledge of theft, the material may be delayed long enough for the activity to drop to a less threatening level.  Some of the isotopes such as Xe135 & I 135 are parasitic with significant absorption of the neutrons produced in the fuel rod.  Most fuel rods are fabricated of zirconium alloy (sometimes stainless steel) with slightly enriched uranium dioxide cylinders or pellets.  The spent version has Ar & Xe gases as well as the fragments, some Pu239 & Pu241 as well as daughter products of the actinide & U238 series.  The longer lived problem isotopes are:

Sr90, Y90, Cs137, Ce144, Pr144, Nb95, Zr 95, Y91, Ru106, Rh106.  Medium activity isotopes include Sr89, Ce141, Ru103, Te129.  Shorter lived isotopes include La 140, Pr143, Te129, Ba140, I 131.  

TYPE III. Both gamma radiation from the decaying chain of fissile material and the two plus neutrons from each spontaneous fission are signatures which we can detect.  The first has been discussed in the Type 1 theory.  The fission neutron emanations from fissile material from weapons components are detectable with five types of detectors:

1. shielded He3 or BF3 proportional counters (ionization chambers give better energy resolution but have low efficiency), 

      2 shielded scintillation/photomultipler, 

3. shielded fission detectors, 

4. shielded proton recoil semiconductor 

5. folded high band-gap semiconductor layers  

The high Z x-ray shielded He3 reaction is based on a neutron interaction with the He3 and producing a H3, proton and 765 kev of energy into the gas which electron-ions pairs cascade to the electrodes.  The disadvantage is that we need to thermalize the neutrons with a layer of hydrocarbons so the result is no real energy resolution .  

The high Z x-ray shielded scintillator choice is made between the energy resolution vs efficiency.  For the efficiency driving our system, the solid scintillators are a better choice with the most efficient one being the NaI(Tl), some of the plastic phosphorus bearing matrix showing improving efficiencies.  The photomultiplier itself has issues of photocathode area, number of dynodes, operating voltage, time response; all leading to efficiency decisions.  The multichannel analyzer itself is a question of channel width, size, discrimination, etc.  The data library itself is a question of resolution step size. 

 The most problematic detector is a fission based one where the neutron interacts with fissile of choice producing 235 electrons primarily(for U235) while the 85% of the fission’s 206Mev is released as kinetic energy in the fission fragments which in turn produce another 400 secondary ion-electron pairs which is a significant amplification. We either use a moderator to slow down the neutrons to enhance the fission cross section in a fissile such as U235 or deal with normal 14 Mev fast neutrons  in the reaction with insensitive U238 fissile (we can choose a more toxic fissile material such as Pu238 which has widest cross section range).  We can multiply the normal 14 Mev neutron capture cross section (1.3x10E-24cm2 for U238) by 443 using a moderator in front of the detector with U235, thus vastly improving efficiency.This detector is in the form of a diode structure with the fissile coated on a cathode and the anode structure shaped to optimize impedance matching.  The cathode area and anode-cathode voltage both help produce sufficient signal. Gull has fabricated this detector which is vacuum sealed for safety and operation but has a limited life with higher exposure. 

The fourth type of neutron detection utilizes the use of a polyethylene converter layer where the neutron interacts, ejecting a proton which then can be slowed down in the  surface bulk material and whose energy produces adequate electron-ion pairs for detection.  The poly converter is coated onto the surface of the Si  or GaAs diode wth shielding in front to prevent x-ray response.

The fifth type of neutron detection is new using folded layers of large band-gap semiconductor materials with junction coolers to lower the dark current while improving the output.  Gallium nitride can be CVD grown along with the n-p regions in a projected multiregion layer 1 micron thick of which we estimate the need for 12000 layers for the more energetic 14 Mev neutrons from fission.  The use of a moderator material will drop the deposition depth necessary for production of   The design is to produce an induced (GaN’s band gap is in excess of 3.2 ev) voltage of approximately 3.3 volts which is compatible with much circuitry in use.  For a  modestly moderated neutron energy (14Mev down to 0.5Mev) and only one charge pair per reaction, the theoretical maximum current generated by a 2x10E11 fission neutrons  is: (2x10E11d/s)(5MeV/3.2keV)(1.6x10E-19C)=6 mA peak  but since there is still kinetic energy left, the multiplication will be significant for a signal more like amps.   

In order to further define the worst case which is an actual weapon, we assume three types of probable designs in this order:

1. gun type devices using enriched U235 approximately more than 20 kg

2. devices based on Pakastani copied/Chinese  first generation design, U235 fueled, less than 20 kg

3. suitcase Soviet era devices, Pu239 fueled, a few kg

This means that for the best use of resources, we should concentrate on U235 x-ray emission spectra which normally decay at  185 kev.  This is a bit low and may be absorbed by crude shielding so we might look for a trace impurity in enriched U235 which is U232 having a 2.614 Mev gamma.  Now we have a robust photon of a low fluence so we must improve on the the detector area to offset the lower number of photons.  This leads us to go for large areas of scintillator materials such as NaI.  If we use 8”(20cm) thick, 24”x24”(3716cm2) blocks of NaI, 100% of under 1Mev photons will be detected, 97% of 1.33 Mev Co60 photons, 91% of 2.614 Mev U232 photons.  

The number of natural fissions each producing two plus 14 Mev neutrons, is again low so we are area dependant if we look to detect them  In trying to offset statistics, the only viable detector is again large area of lead shielded scintillator/photomultiplier.  

Another telltale sign of weapons is the low energy gamma & slower neutrons from the initiator’s trigger neutron sources.  The low amount of  these isotopes and the lower energy of their radiation makes for a difficult discovery.

A failure to find the suspected radioisotopes can result in a generation long contamination of the local few square miles at a minimum with a worst case being a weapon detonation causing significant loss of life.

APPENDIX 1 Activity

The activity level of these isotopes is usually measured in terms of half life which can be expressed as: ln2/decay constant.  

Species              Activity  E(Mev)          Half-Life                                    Range in air

Thorium 232        alpha    4.0      1.39x10E10 yr  naturally occurring          2.5 cm

Thorium 233         beta                23.5 minutes     artificial

Protactinium 233  beta                 27.4 days               “

Uranium 233        alpha    1.6      1.62x10E5 yr        “                                   3.3

Uranium 235           “        4.4      7.13x10E8 yr   naturally occurring           2.9

Uranium 238           “        4.2      4.51x10E9 yr   naturally occurring           2.7

Plutonium 239         “        5.1      2.44x10E4 yr   artificial                            3.6

APPENDIX 2 Units of Radiation

Units of radiation: 1 Becquerel= 1 disintegration/second

                              1 Curie=3.7x10E10 becquerels 

                              1 roentgen=1 esu of ion-electron pairs in air/cm2

                                               =7.1x10E4 Mev/cm3 air=88ergs/gm air

                              1 rad=absorbing 100 ergs/gm in mat’l

                              1 Gray=1 j/kg absorbed=1 Sievert in tissue

APPENDIX 3 Range

Specific ionization of an alpha (4 amu) in air will cause between 50K-100K electron-ion pairs/cm whereas a beta (0.00055 amu) of the same energy will cause between 30-300 electron-ion pairs/cm.  The effective range for a beta of the same energy is 1000 times greater than the alpha’s. X-ray photons energy E is defined=hc/wavelength or the wavelength (cm)=1.25x10E-10/E in Mev There are three types of x-ray photon interaction; photoelectric effect where the photon having energy greater than the binding energy of an orbital electron interacts so all the energy is transferred to the electron, Compton effect is where the photon makes an elastic collision with an alectron but the binding energy is less than the photons, and pair production where in photon energy is excess of 1.02 Mev passes near the nucleus with the formation of an electron-positron pair. All three types of absorption interaction between photons and matter increase with increasing atomic number of the absorber.  The attenuation coefficient of lead is six times that of aluminum.

    Photon Linear Attenuation Coefficients in cm-1 units

E (Mev)       Water   Aluminum   Iron         Lead

00.5              0.0966      0.227      0.651       1.64

01.0              0.0706      0.166      0.468       0.776

02.0              0.0493      0.117      0.333       0.518

04.0              0.0339      0.0837    0.259       0.476

10.0              0.0219      0.618      0.231       0.554 

APPENDIX 4 Neutrons

Neutrons interact in 5 ways: 

1. Radiative Capture where the excited compound nucleus emits its excess energy as gamma radiation leaving it in its ground state.

2. Alpha Emission

3. Fast Neutron inelastic scattering results where the target nucleus forms an excited state, then emitting a lower energy neutron

4. Fast Neutron elastic scattering results when the neutron less than 100 Kev, all the energy is transferred to the nucleus as kinetic energy.

5. Fission

Neutron cross sections for collision or absorption are given in barns=10E-24cm2.

The absorption cross section decreases steadily with increasing neutron energy , varies inversely as the square root of the neutron energy and the energy is kinetic in nature is inversely proportional to the neutron velocity.  For slow neutrons, there is a resonance region where the cross sections soar.  For Cd113 and a 0.17ev neutron, the cross section soars to 2x10E4 barns, Xe135 and 0.7ev neutrons it is 3.4x10E6 barns, Sm149 5x10E4 barns. 

 Neutron Cross Sections  0.025ev                 0.025ev                              14 Mev

Element   Absorb Cross Section (barns) Fission Cross Section (barns)Fast Cross Section

Hydrogen                0.33

Deuterium               0.0005

Helium                    0.007

Aluminum               0.24

Beryllium                0.10

Boron                   755

Cadmium           2450

Carbon                     0.0034

Uranium233          54                                        527

Uranium235        106                                        577                                 2.068

Uranium238            2.71                                                                          1.3

Plutonium239      287                                        746                                 2.2

APPENDIX 5 Developmental Detectors

Included below is the proposal for an efficient, robust detector for the first responders.

            RADIOISOTOPE DETECTION BY GaN p-n JUNCTION DETECTORS
Submitted by: Gull Group, 777 Bay St, Suite 7, San Francisco, CA, 94109 Ph:415-673-8373, 264-2715, Fax 567-1123, email:gullgroup@aol.com Sandia National Lab Subcontractor # GO2185:    
Principal Investigators: Stanley Glaros, Chief Scientist, Gull Group
SUBJECT: Multi-Layer Gallium Nitride, p-n Junction Radiation Detectors 
ABSTRACT:
The initial goal is to provide current from alpha, beta, neutron and x-ray radiation in the p & n regions of the GaN matrix.  The experimental success of this technique will provide a higher energy density & efficiency (up to 30%) than other technologies but it is a best effort approach.  We will investigate the technologies necessary to produce a 1-cm3, 5-mW detector powered by gallium nitride with p & n dopants of interest.  The GaN band gap in excess of 3.2 eV and its projected robust radiation damage resistance makes it an ideal choice.  The first goal is to investigate the damage threshold of GaN using a simple electron gun on GaN wafers in a vacuum chamber.  The simplest approach to a battery is for a 12,000, 1- µm-thick layers, 1 cm2 in area with regions n & p doped, and with Au electrodes.  As our next task, we intend to make a series of 1-µm-thick samples with differing dopant types, dopant concentrations.  The goal is to produce 0.15 µA from a single layer at 3.3 volts.  The success of the single battery layer to provide adequate current without the development of radiation-induced insulator damage, will be the trigger for an additional task to build at least one edge connected (series) multilayer detector. 
TECHNICAL APPROACH:
The goal is to produce a mechanically- and electrically-robust, 1-cm3, 5-mW solid-state detector with little or no leakage.  Gallium nitride was chosen for its 3.3-eV band gap and its robust radiation damage resistance.   The band gap energy to move the outer shell electrons from the valance band to the conduction band of a complicated system of n-doped & p-doped gallium nitride (GaN) is a bit more complicated and is impacted by losses driven by the dopants and dopant concentrations.  Gallium nitride can be CVD grown on a Si (100) substrate initially with n-donor Si or C being added for that side of the junction while the p-acceptor Mg, Zn, Cd, Be, or Li being added on the other.
The device will consist of a gold layer, then the n side of the CVD deposited gallium nitride layer, followed by a GaN (insulating or intrinsic) layer followed again by p-doped gallium nitride, followed by another gold layer for the respective collection electrodes.  The neutron induced electron-hole pair generation rate G per unit path length is non-uniformly distributed along the neutron path, increasing with the path length L. The approximate penetration length into the host materials for 6-keV tritium beta particles (as an example) is listed:
Mat’l   M(cation)    Z(cation)     M(anion)     Z(anion)  density(g/cm3)    L(µm)
Si              28.08       14                                                    2.33                    0.48
Ge             72.59       32                                                    5.32                    0.30
C               12.01         6                                                    3.51                    0.26
GaAs         69.72       31             121.75          51              5.4                      0.33
GaN           69.72       31               14                7               6.1                      0.23
Metal
Ti               47.9         22                                                    4.5                      0.30
Au            197            79                                                  19.32                    0.12
Pt              195            78                                                  21.45                    0.11
Ni               58.7         28                                                    8.91                    0.16
The other approach is to have the gold layer (effective 180° dispersion) next with the n-doped gallium nitride then the p-doped gallium nitride and again gold.  Optimum beta-voltaic GaN cells can be estimated with use of the means energy needed per pair generation by beta electrons - Epair of 10 eV.  Starting with a low energy tritium beta of 5.7 keV, the maximum short circuit current density per curie is I = 1.6X10-19 C • 3.7X1010 • 5.7 keV/10 eV = 3.37x10-6 A/Ci. For p-n diode cell, the maximum power per curie is P = I • E = 10 µW/Ci.  So, if we have a 546-keV beta particle from Sr90, then the best we can hope for is two orders higher output or approximately 1 mW/Ci, thus necessitating approximately 5 Curies for a 5-mW signal. But, the average beta particle energy is under a third the 546-keV end-point energy, bringing us up to a 15-Curie requirement for a planar source.  For n-GaN diode cells, the maximum power is 3 µW/Ci for typical barrier heights of 1 eV, for p-GaN diode cells P = 8 µW/Ci for barrier heights of 2.4 eV.  These calculations were made using a planar source.  The maximum efficiency of nuclear energy conversion into electricity is 30, 10 & 24% for p-n (or p-i-n) diode, Schottky diode to n-GaN and Schottky diode to p-GaN, respectively.
The use of Schottky barrier formation mechanisms with GaN films is an evolving technology.  The barrier height is the energy distance between the Fermi level Ef and the valence band Ev for p-type or the conduction band minimum Ec for n-type GaN.  The Schottky-Mott rule predicts barrier height to be equal to the difference between the electron affinity of the GaN and the work function of the metal.  Deviation from this rule is usually explained by interface states.  Experimental characteristics of n-GaN diodes are:
Diode         Metal Work Function (eV)         Schottky Barrier Height (eV)
Ti/n-GaN                      4.4                                           0.57
Au/n-GaN                     5.1                                           0.88
Ni/n-GaN                      5.15                                      0.95
Pt/n-GaN                       5.65                                      1.13
The maximum power is another junction design issue to produce a high voltage (very small junction thickness) of 3.3 V for the required power of 5 mW.  This is possible in a 1-cm3 volume with folded multi-layers where each layer is 1 cm2.
                       Single Initial Layer Design Parameters:
Material                         density (cm-3)                                   thickness(nm)  
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With 10,000 layers, the thickness of the GaN can be 1 µm producing 0.15 µA each or 1,000 layers at 10 µm each producing 1.5 µA.  The junction design must produce an induced voltage of approximately 3.3 volts, which is compatible with much circuitry in use. The radiation defect production will increase the dark current drain in time and merits investigation. The goal is to keep the dark current below the 0.1 nA range. The initial design will call for concentrations of  1015 cm-3 of Si and Zn (which will require n & p ionization energies of 0.2 eV to provide the mobility).  The activity will below the theoretical required but will not cause excessive dark current.  The intent is to sequentially increase the concentration by an order of magnitude each run until the current is 0.15 µA for a 1-µm-thick layer, 1 cm2 in area but with under 0.1 nA dark current.  The theoretical maximum current generated by a 5-Curie Sr90 source is:
I = 5 Ci (3.7X1010 Bq)(546 keV/3.2 keV)(1.6X10-19 C) = 5 mA peak,
but in reality the 546 keV per beta is a maximum and the mean energy is 165 keV producing only 1.5 mA and thus giving us a 5-mW power level. This drives the number of multi-layers to approximately 1250 at a 10-µm thickness (or 12,500 layers with a 1 µm thickness) layer areas of 1 cm2.  The Sr90 source would have a total activity of ~ 5-Curie, which is acceptable since the range is short for the 165-keV average energy beta and even the peak 546-keV beta has an energy well below the damage threshold for gallium nitride.  The only real radiation detection problem is with the daughter Y90 gamma emission at 2.2 MeV that cannot be shielded. 
Given a 5-Ci Sr90 source:
N = 5 Ci • 3.7X1010 Bq/Ci • 1.4X10-6 = 2.6 X105 /sec, 
Where the photon flux from Y90 (2.186 MeV) is assumed to be the decay rate from Sr90 times the branching ratio of 1.4X10-6. At a distance of 10 cm the photon flux is:
F = 2.6X105 /sec • (1/4102) = 206 /sec-cm2
Or
F = 206 /sec-cm2  • 2.186X106 eV • 1.602X10-19 J/eV = 7.2X10-11 W/cm2
(We can translate this flux to R ~ Rads in air assuming an average photon energy of 2.186 MeV).
The fractional absorption in air is 2.3X10-3 m2/kg at 2.3 MeV.
The dose at 10 cm is:
D = 7.2X10-11 W/cm2 • (100 cm2/m2) • 2.3X10-3 m2/kg = 1.66X10-9 W/kg or Gy/sec.
D = 1.66X10-9 Gy/sec • 100 R/Gy = 1.66X10-7 R/sec = 5.96X10-4 R/hr = 0.596 mR/hr
If the required detection threshold, D = 5 mR/hr, then we are safe.
Again, this is assuming no losses whereas there are a number of parasitic processes.
So, it would take a higher concentration to yield the design voltage (matches inherent memory & CPU voltages of late) of approximately 3.3 V to feed the band gap of intrinsic gallium nitride.
The n donor inherent ionization energy Vn for Si is 0.19-.3 eV and C is 0.89 eV while for p acceptors Vga is: for Mg 0.14 eV, Zn 0.21eV, Cd 0.55 eV, Be 0.7 eV, and Li 0.75 eV minimum.  The higher ionization energy of the donor & acceptor population eats up the available beta energy deposited and must be balanced with ease of CVD processing.

