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1 .o SUMMARY 

Associated Particle Imaging (API) is an active neutron probe technique that provides a 3-D image 
with elemental composition of the material under interrogation, and so occupies a unique niche in 
the interrogation of unknown objects. The highly penetrating nature of neutrons enables API to 
provide detailed information about targets of interest that are hidden from view. 

Due to the isotropic nature of the induced reactions, radiation detectors can be set on the same 
side of the object as the neutron source, so that the object can be interrogated from a single side 
(looking into an unaccessible space behind a wall, for example). In fact, the detectors may be 
arranged however is most convenient for the situation at hand. Objects hidden inside or behind 
such barriers as pipes, cargo containers, closed vehicles, and sealed drums can be interrogated 
without having to rotate either the detectors or the object under interrogation. 

At the heart of the system is a small generator that produces a continuous, monoenergetic flux of 
neutrons. By measuring the trajectory of coincident alpha particles that are produced as part of 
the process, the trajectory of the neutron can be inferred. Interactions between a neutron and the 
material in its path often produce a gamma ray whose energy is characteristic of that material. 
When the gamma ray is detected, its energy is measured and combined with the trajectory 
information to produce a 3-D image of the composition of the object being interrogated. 

During the course of API development, a number of improvements have been made. A new, 
more rugged Sealed Tube Neutron Generator (STNG) has been designed and fabricated that is 
less susceptible to radiation damage and better able to withstand the rigors of fielding than earlier 
designs. A specialized high-voltage power supply for the STNG has also been designed and built. 

A complete package of software has been written for the tasks of system calibration, diagnostics 
and data acquisition and analysis. This system enables the data to be displayed in one, two or 
three dimensions; furthermore, data already acquired can be reanalyzed with different parameters 
in a matter of seconds in order to optimize the extracted information. 

A portable system has been built and field tested, proving that API can be taken out of the lab and 
into real-world situations, and that its performance in the field is equal to that in the lab. 

Experiments in the lab and in the field show that API is capable of providing information 
unobtainable by other means. Elements spanning most of the periodic table can be identified, even 
through barriers such as heavy steel casing. The API system has been successfully tested for a 
number of applications, including: 

Buildup in a gaseous diffusion plant. Samples of uranium, fluorine, and oxygen have 
been identified inside a steel pipe, simulating the search for uranium hexafluoride 
(possibly oxidized) buildup in the plant piping. 
Weapons surveillance. API has been used to survey the contents of conventional 
bomb casings. 
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Counter-terrorism. API has measured the position and relative composition of a 
load of fertilizer in the back of a vehicle, simulating the presence of an improvised 
explosive device. 

2.0 INTRODUCTION 

For over 40 years the associated particle technique has been used to determine the direction of 
neutrons in physics experiments.14 The application to imaging was first proposed by 
C.W. Peters, et al.: who built a proof-of-concept system; groups at Los Alamos National 
Laboratory 
technique. This report describes an API system developed at the Bechtel Nevada (BN) Special 
Technologies Laboratory (STL) over the last several years. The primary application has been 
Department of Energy (DOE) site characterization prior to decontamination and decomissioning, 
and the principal sponsor has been DOEEM-53, Characterization, Monitoring and Sensor 
Technology (CMST) program. 

and Argonne Nationid Laboratory (ANI,)* have also been working on the 

API employs a small deuterium accelerator that accelerates deuterons into a target impregnated 
with tritium, producing coincident neutrons (at 14.1 MeV) and alpha particles (at 3.5 MeV) that 
travel in opposite directions. By detecting the arrival of the alpha particle on a phosphor, and its 
position in two dimensions (x  and y), the time and direction of the corresponding neutron 
emission is determined (Figure 1). These "tagged" neutrons are a very sensitive probe used to 
determine the elemental composition of materials in the volume illuminated by the neutron flux. 
For most practical applications, this volume is a truncated cone of 30 degrees opening angle that 
extends from about 50 cm to several meters from the point at which the neutrons are generated. 

NaI detector provides g a m  
energy and Tsbp data 

Position-sensitive PMT 
provides x, y, and Tstart data 

I 
Tritiated target 

Figure 1. Diagram of the API concept. 
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When bombarded with neutrons, each element in the unknown material under test produces a 
gamma ray signature unique to that element. Many elements produce gamma rays under fast 
neutron bombardment with sufficient probability and high enough energy (2500 keV) to be 
practical for API. These gamma rays are detected by NaI detectors, and for those detected 
coincident within a short time (typically 80 ns) after the alpha particle emission, the energy and 
time of arrival (relative to the alpha's emission time) is recorded along with the x and y 
coordinates of the alpha. The velocities of the 14.1-MeV neutron and the resulting gamma ray 
are both known constants, so that the arrival time of the gamma can be unambiguously translated 
into the distance traveled by the neutron using the known position of the NaI detector relative to 
the STNG tube. 

The data are read into a computer, where the direction and length of the neutron trajectory are 
converted to Cartesian (x, y, and z) coordinates, giving the interaction location in three 
dimensions. This information and the corresponding gamma energy comprise the event record. 
By recording and histogramming many of these interactions, the distribution and composition of 
the target may be determined. The analysis is performed in real time so that the data may be 
viewed as they are accumulated. The data from each event are also stored on the computer disk 
drive so that they can be reanalyzed, with different conditions placed on them. 

3.0 PROJECT HISTORY 

The first STNG tube made for API application was fabricated by Peters.' This tube had a metal 
housing and a scintillation window of approximately one inch in diameter. The beam of tagged 
neutrons consisted of a narrow cone, and imaging was accomplished by physically moving the 
tube in a field of known coordinates. The tube also had to be immersed in a container of 
fluorinert, a liquid dielectric, to prevent arcing due to the high potentials required to operate the 
tube. The design of this tube was proprietary, and additional tubes were not available. 

The application of API showed great promise as a noninvasive probe for explosives and other 
contraband materials. This motivated the group at STL to improve the design and build the 
additional STNG tubes needed for the development effort. The primary improvements were in 
the redesign of the electrode structure and the enlargement of the scintillation screen. Neil Norris, 
formerly of EG&G's Santa Barbara Operations, and Manfred Frey of Kaman Nuclear (and later 
MF Physics) acted as consultants for this effort. These generators were fabricated at EG&G's 
Amador Valley Operations. This early work was funded by the DOE Special Technology 
Program. 

This design also featured a glass housing, which made the devices fragile and prone to radiation 
damage due to the close proximity of the neutron source. As a result, they tended to fail after 
only a few hundred hours of use, although one survived for about 1500 hours and another for 
4000. Like their predecessor, these tubes also required immersion in a supplementary container 
of fluorinert to prevent arcing of the various electrodes. 
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The Detector Laboratory of EG&G Las Vegas became aware of the STNG and offered to design 
a more rugged device for use in field applications, using techniques developed for constructing 
diagnostic detectors for underground nuclear tests. The result is described in the following 
sect ion. 

4.0 SYSTEM COMPONENTS 

4.1 Hardware 

4.1.1 The STNG Tube 

The present STNG design uses a stainless steel housing 15 cm in diameter and approximately 
30-cm long. High voltage is supplied via thIee 1.9-cm-diameter, 150-kV cables with appropriate 
connectors, with no additional insulation required. Conventional coaxial signal cables are used to 
control the getter and reservoir, and measure the current on target. The scintillator-coated 
window is 7 cm in diameter, set in a 15-cm-diameter Conflat flange which bolts onto the side of 
the housing. A schematic of the STNG is shown in Figure 2. 

Figure 2. Schematic view of the STNG. 

The tube contains an ion source whose output can be accelerated and focused onto a tritiated 
target to produce 14-MeV neutrons via the t(d3 n)a reaction. A Penning ion source is used: this 
is a small enclosed cavity approximately 1 inch in diameter and an inch long with an appropriate 
electrode structure and a small aperture for 1 he emission of the deuterium ions. The cavity is 
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enclosed in a magnetic field to cause electron circulation within the cavity and subsequently 
induce ionization of the deuterium gas. The exit surface of the ion source is concave and matches 
a spherical electrical convergence lens to focus the ion beam on a tritiated target approximately 
5 cm away. After they exit the focus structure, the ions are accelerated to as much as 100 keV 
and strike the target, which is set at 45 degrees with respect to the beam to allow clearance for 
the alpha particles from the d-t reaction to reach the scintillator screen set at 90 degrees from the 
target (lower portion of Figure 2). The 100 keV potential was selected because this is near the 
energy of the peak of the d-t reaction. 

The ion source reservoir is simply a getter that has been infused with deuterium. The rate of 
release is a function of temperature, which is regulated by the current passed through the reservoir 
from a very precise current source. This, in turn, controls the gas pressure in the STNG, which 
controls the ionization rate and ultimately, the beam current. 

The scintaator screen is made by depositing a very thin film of an inorganic scintillating material, 
2nO:Ga (aka WL1201), onto the inside surface of a window composed of a coherent bundle of 
optical fibers fused together. The axis of the fibers is normal to the surface of the window, so that 
the alpha-induced light flashes are transmitted directly through the window, without dispersion, to 
the face of the position sensitive photomultiplier tube just outside. The position sensitive 
detector, described below, then provides a precise location of the alpha particle that is 
subsequently translated into the direction of the associated neutron. 

A very thin coating of aluminum (1.1-1.2 pm) is evaporated on top of the phosphor; this coating 
has several functions. Low energy (e100 keV) deuterium and tritium ions that scatter from the 
ion beam and target structure, which would otherwise generate light pulses in the scintillator 
screen, are stopped by the aluminum. This coating also stops alpha particles of low energy and 
reduces the effective number of neutrons tagged by the system. These low energy alpha particles 
come from reactions occurring at relatively great depths in the target structure so that the alphas 
lose much of their energy via multiple scattering before they exit the target itself. The coating 
also serves as a light barrier to prevent light generated by any high-voltage sparking inside the 
tube from destroying the photomultiplier. Finally, being an electrical conductor, it prevents 
charge buildup on the window. 

Deuterons striking the target are able to knock out electrons. If not countered, this would cause 
three undesirable effects. First, the departure of negative charge from the target is electrically 
equivalent to a positive charge (i.e., deuterium ion) entering it, so that the target current would be 
greater (by an unknown amount) than that of the deuteron beam. This would make it very 
difficult to measure, and therefore control, the beam current. Second, many of the electrons can 
be accelerated back toward the ion source, striking various parts of the structure and producing 
x-rays (i.e., unnecessary radiation). Third, some of the electrons will reach the scintillator screen, 
pass through the aluminum barrier and produce a pulse of light in the scintillator, thereby 
obscuring the detection of alphas. To prevent these effects, a suppressor ring is placed a short 
distance above the target and biased to (typically) -4 kV. 



The tritiated target, getter, reservoir and suppressor ring are all mounted on a Conflat blanl 
flange that attaches to the end of the STNG housing. This subassembly can be easily remo. 
refurbishing of the getters and/or target, as can the window for refurbishing of the light col 
surface. 

4.1.2 High Voltage Power Supply 

The STNG design described above requires three separate high-voltage potentials for operi 
The first is connected to the accelerating electrode, the second to the focus electrode, and 1 
third to the ion source. The target is held at ground. The acceleration potential, which car 
as high as 100 kV, imparts most of the energy to the deuterium ions. The focus electrode 7 

is set about 10% above the accelerating voltage to minimize the spot size of the ion beam c 
target. The ion source voltage is set at 5 kV above the focus voltage to ionize the deuteriu 

It would seem that individual power supplies, each capable of producing 100-125 kV, cow 
between each of the high-voltage inputs and a common ground would provide a simple, 
inexpensive solution. Unfortunately, this i! nat practical because of the way current flows 
between the various electrodes, which would interfere with the regulation of the individual 
supplies. The current between the accelerating electrode and ground is typically not more I 
1 ,uA per 1 kV of applied voltage; the current between the focus and accelerating electrode 
comparable, but not exactly equal. The current between the ion source and focus electrodc 
from approximately 0 to over 100 PA, independent of the other voltages. 

The difficulty of designing a workable power supply for the STNG can be illustrated by the 
that at least two high-voltage power supply designers who have tried to build a suitable sui 
have failed after spending large sums of money on the attempt. We had originally planned 
a supply from one of these vendors. After learning that he would not be able to deliver, WE 
designed and constructed our own. (It should be noted that one vendor, Bertan, offers a SI 
for approximately $150,000.) 

The STL high voltage power supply consists of three independent high-voltage sources wh 
outputs are connected in series (Figure 3). A Glassman 125-kV power supply provides the 
voltage for the acceleration electrode. The voltage difference between the acceleration and 
electrodes is generated using a Glassman 25-kV supply that is electrically isolated and has j 
ground tied to the voltage on the acceleration electrode. Similarly, a Glassman 5-kV suppl 
to the 25-kV supply provides the additional voltage necessary for the ion source. 

Our high voltage system is designed without a need to electrically isolate the entire 25-kV i 
5-kV supplies at high voltage, which would make it difficult to access the control and readc 
circuitry. Each of these supplies is separated into two sections. The first section produces 
pulse-width-modulated (PWM) signal at a modest voltage (-160 V) whose duty cycle is 
proportional to the desired value of the output voltage; the second contains step-up transfa 
rectifiers and filters to generate the high voltage from the PWM signal. 
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Outputs to STNG: 

Figure 3. Schematic of the API high voltage power supply. 

Only the second section of each supply, consisting of passive components, is electrically isolated, 
and the PWM signal is delivered to it through a 1:l isolation transformer (Figure 3). Since the 
input cables to the transformers are near ground potential and the output cables are (typically) 
near 100 kV, they must be well insulated electrically, yet able to bend around transformer cores. 
The highest available voltage rating in a suitably flexible cable is 60 kV. To insure that this 
voltage difference is not exceeded for any particular set of windings, the transformer cores are 
both tied to one half of V,, using a voltage divider. 

As part of the voltage regulation, the precise value of the output voltage is reported to the base 
section using a modulated light signal sent via optical fiber. The circuitry involved consumes little 
power, and is presently operated on batteries to alleviate the difficulty of delivering power to it 
from the outside. 

4.1.3 Detectors 

4.1.3.1 Recoil Alpha Detectors 

Light from the recoil alpha particles is detected with a Hamamatsu model R2487 position- 
sensitive photomultiplier tube (PSPMT), which has a 76 x 76 mm square photocathode. The 
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dynode plate structure of a conventional plnotomultiplier is replaced by a set of ten wire grids that 
preserve the x- and y-coordinates of the incident light signal on the photocathode as it is 
amplified. The anode consists of two planes of wires set at right angles to each other. Signals are 
collected from both ends of each plane, for' a total of four outputs: XI, X,, Y, and Y2. 

Each anode plane is composed of 16 parallel wires individually separated by a high resistance. As 
the electrons intercept the first plane, the charges collected at this point on the wire produces a 
voltage. A current is induced to flow in each direction that is inversely proportional to the 
resistance along that path. Thus, the charge collected on each end is inversely proportional to its 
distance from the interaction point. The second grid picks up signals corresponding to the 
perpendicular coordinate in the same way, except that the signal strength is reduced due to the 
interaction with the first grid. The x-axis coordinate of the alpha particle's position on the 
phosphor is calculated from X, and X, by 

and similarly for the y-axis. Note that the difference, X,-X,, must be normalized to the total . 
signal strength, XI + X,, to insure that any two light signals intercepted at the same spot on the 
cathode but with different magnitudes will result in the same calculated coordinates. The 
coordinates can be either positive or negative; a value of 0 denotes the center of the plane, where 
the charge is divided equally in both directions. 

Because the signals described above are not amenable to fast timing (= 1 ns), the photomultiplier 
has been modified to provide an additional signal for that purpose. A signal pick-off attached to 
the last dynode grid provides a pulse for a '"hit" anywhere on the photocathode. This signal is 
buffered to minimize the effect of the load on the dynode and match the impedance of the cable. 

4.1.3.2 NaI(T1) Gamma Ray Detectors 

The gamma ray detectors are 5" diameter by 6" long NaI crystals coupled to 14 stage, 
12.7-cm-diameter Hamamatsu R1250-03 photomultiplier tubes (PMTs). Each tube has both a 
dynode output and an anode output. Thea: outputs provide timing and energy information, 
respectively. 

The NaI crystals were obtained as surplus items from a discontinued Navy program. These 
crystals are relatively large, which has both advantages and disadvantages. The advantages are 
better solid angle coverage (for a given distance from the test object) and better probability of 
detecting several-MeV gammas than smaller crystals. The disadvantages are somewhat poorer 
energy resolution (no better than 10% at 662 keV) and time-of-flight resolution than can be 
obtained with smaller crystals. The latter is simply a function of the crystal size: the time of 
detection of gammas from a given source vviU vary slightly according to the precise location inside 
the volume where the gamma energy-to-light conversion takes place. 
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In order to reduce development costs, the choice was dictated by the availability of 20 NaI 
crystals for only the cost of refurbishing. For a future system designed for a more focused range 
of applications, it would be preferable to select a better optimized detector. 

4.1.3.3 Detector Pods 

For convenience, four detectors have been package into a single container. The pod makes it 
easier to handle the detectors and allows us to use common low and high voltage power supplies. 
A schematic of a pod is shown in Figure 4. 

Power supplies 
I \  

Nal detectors 
I\ 

Patch 
panel 

I 

I l l 1  
CFD \\ 

Delay cable 

Figure 4. Layout of detector pod. The four NaI detectors are 
encased in a stiff foam matrix for shock and thermal protection. 

The pods are modified high-impact plastic storage bins. The lids have O-ring se& so that the pod 
is weather resistant with the lid fastened. The bins come equipped with a handle on each end for 
carrying. In addition, two of the four pods have been fitted with a cross bar attached to the sides 
of the bin with struts so that it can be suspended from an overhead mount. The struts are 
connected to rotatable attachments mounted across the center of gravity. This provides additional 
flexibility in arranging the pods. A typical arrangement is to put two pods on either side of the 
test object (outside of the neutron flux), with one pod suspended above the other and pointed 
down toward the object. This geometry maximizes the solid angle acceptance of the detector 
array, and therefore the data rate for a given neutron output. 

A patch panel with connections for analog and timing signals and low-voltage power is set in the 
wall on one end of each pod. Mountings for the high-voltage power supply and the discriminator 
circuits are attached to the inside walls. The detectors themselyes are bundled together with a 
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stack of 2-inch-thick closed-cell foam squares that have been sized to fit snugly inside the p 
Each of these has a square pattern of holes into which the detectors fit, and the assembly is 
the pod so that the NaI crystals face the end opposite the patch panel (Figure 4). The detec 
assembly is held in place by friction and mounting brackets that prevent it from sliding into 
electronics area. 

In addition to holding the detectors rigidly in place, the foam protects the NaI crystals from 
shock, to which they are fairly sensitive: a sharp jolt can crack a crystal, degrading the light 
collection and pulse height resolution. It also provides thermal insulation that shields again: 
temperature variations and the attendant variations in detector gain. 

The dynode signal is digitized in the pod using a constant fraction discriminator (CFD), rat1 
than in the electronics located at some distance away, in order to avoid signal degradation t 
would decrease the timing resolution. The dynode output is positive and must be inverted 1 

in-line transformer to accommodate the CFD. The CFD produces a square timing pulse at 
consistent trigger point for all signals, regairdless of amplitude, in order to minimize timing j 

The power for both the CFD circuitry and 1:he PMTs is derived from 24-VAC power suppli 
each pod. Separate modules are used to convert this voltage into k12 V for the CFDs and 
for the PMTs, all four of which are conneci.ed in series to a single supply. Note that individ 
PMTs usually exhibit variations in gain for a particular supply voltage. Because this configi 
precludes making adjustments to the individual voltages in order to match gains, the matchi 
must be done in hardware and software (as described below). 

The anode signal represents the energy of the gamma ray; it is connected to the patch panel 
through a coiled 90-foot cable. This cable delays the signal while the timing information 
propagates through the trigger logic, so that it is not presented to the acquisition electronic: 
they are ready to accept it. 

4.1.3.4 High Purity Germanium (HPGe) Detectors 

High-resolution 14.1-MeV (n, y) data was not available in the literature for many of the ele 
encountered in testing MI, so in many situations we have had to acquire our own for use i~ 
system evaluation. Two Ortec Model GEM-75200-P 75% HPGe detectors are used for thi 
purpose. Each detector is mounted on a 20 liter “pop top” portable cryostat. These detect1 
have excellent energy resolution (< 2 keV) and thus provide high quality energy spectra on 
objects under interrogation. 

Because germanium has such a slow time response as compared to NaI, the timing resolutic 
relatively poor. Therefore, we do not try to measure the neutron time-of-flight or derive pc 
information for the event. The spectra from these detectors correspond to the entire volum 
illuminated by the neutron flux. 
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4.1.4 Electronics 

4.1.4.1 Kinematics and Timing Issues 

The effective volume of the tagged neutron flux is influenced by geometry and other factors. The 
transverse extent of the volume is dictated by the angular acceptance of the window through 
which the alphas are detected. The active area of the window is 64 mm in diameter and is 
100 mm from the center of the target, which defines a cone with a half angle of 17" (although for 
practical purposes, the angular limit is closer to 15"). The length of the cone is defined by the 
coincidence timing window in which an alpha-gamma coincidence can be formed, and is therefore 
at our discretion. 

For several reasons, we have set the far limit of the interaction volume at 3 m, or about 10 ft, 
from the STNG target. (Note that this can easily be increased as the need arises.) One 
consideration is that the neutrons are emitted from essentially a point source, so that the flux per 
unit area of illumination is proportional to 1/D2, where D is the distance from the target. 
Similarly, the gammas produced by the neutron interactions are emitted in all directions, and so 
the probability of being detected depends on the distance from the NaI detectors in the same way. 
Another reason for limiting the volume is to minimize the background from reactions with the 
floor and walls of the laboratory, as well as the air itself. A third reason for limiting the volume is 
that by doing so the coincidence window can be kept very short, thereby minimizing accidental 
coincidences that might obscure the data. 

The velocity of a 14.1-MeV neutron is 5.1 c d n s ,  or about 60 ns per 3 m of flight. Assuming that 
the distance from the neutron interaction point to the farthest NaI detector is also about 3 m, 
10 ns must be allowed for the gamma time of flight. In addition, the alpha and gamma signals 
must overlap by at least 10 ns in order to register a coincidence. Therefore, the coincidence 
window is set to a width of 80 ns. 

4.1.4.2 Layout 

Standard NIM and CAMAC modules comprise the acquisition electronics. Signals are routed on 
single wires, coax cables and ribbon cables. The present lab system uses four pods, with a total of 
16 NaI gamma ray detectors. Many of the NIM and CAMAC modules come as octal or dual 
octal groups so expansion is generally only a matter of adding one or more modules for additional 
detectors. The electronics block diagrams (Figures 5 and 6 )  show the major routing of signal 
cables. Some CAMAC control circuitry has not been included for reasons of clarity. 

The digitizing circuitry is based on the LeCroy Fast Encoding and Read Out (ERA) line of 
digitizing modules. These modules can each handle 16 channels of input and feature short 
digitization times. The system also includes memory modules, which enable the user to store 
many events and periodically read them out as a block, so that the computer does not have to 
service each event trigger individually. This results in simpler operation and much improved 
throughput. A more detailed description is given in the Appendix A. 



LC nos n n 
U 

u u  U 

acu 

U U u 1Jm u 

Figure 5. Electronics block diagram for API triggering and data acquisition. 

A master timing signal is generated from the PSPMT dynode signal using a CFD. This pulse is 
fed into coincidence circuits with the timing signals from each of the 16 gamma detectors. A 
coincidence with any of these generates thr: event trigger. This trigger performs two functions. 
First, it latches a set of registers whose inputs correspond to the individual coincidence circuit 
outputs, thereby capturing the identity of the particular detector that registered the gamma. 
Second, it is used to generate the gate and clear pulses that control the digitization of the event 
data. 
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Figure 6. 
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Electronics block diagram for collection of spectral data with the HPGe detectors. 

Meanwhile, each gamma detector timing signal also starts a Time-to-Digital Converter (TDC) 
circuit, all of which are stopped by the master timing signal. At the same time, the analog signal 
from the gamma detector that registered the gamma and each of the position signals from the 
PSPMT (described earlier) are digitized using an Analog-to-Digital Converter (ADC). After the 
information from each event is digitized, it is stored in the memory buffer. The data acquisition 
computer reads and clears this buffer after a user specified time interval, usually every five 
seconds. 

. 

A second type of event records the awciliary high-resolution energy spectra obtained using the 
two HPGe detectors. When a gamma is intercepted by one of these detectors, its timing signal is 
compared with the master timing signal to insure that the gamma is associated with a fast neutron. . 
A coincidence triggers the acquisition of the HPGe signal. No relative timing or alpha position 
information is recorded for these events. 

In addition to the event-by-event data, scalars keep a running count of the number of alphas 
detected (using the master timing signal), the number of event triggers, and the number of 
gammas registered in each of the two HPGe detectors. The scalars are also read and reset by the 
computer every five seconds. 

4.1.5 Computer System 

The computer system must perform several tasks simultaneously, yet the interface must appear 
straightforward to the operator. The tasks fall into three broad categories: 1) data acquisition 
control, 2) event processing and storage, and 3) data display. A modular system of hardware and 
software has been developed to simplify the tasks of code generation and modification, and 
system documentation. Using separate processors to perform various tasks in parallel also serves 
to maximize the data through-put. A schematic of the data acquisition hardware is shown in 
Figure 7. 
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Figure 7. Layout of the computer system. 

Data acquisition is controlled using an IBhl-compatible PC connected to the CAMAC crate 
controller through a DSP Technology model PC-004 interface card. This computer passes the 
acquired data to a Sun Microsystems SPAIKC Classic workstation, which does the event 
processing and storage. The Sun also acts as a file server for the three data display computers, 
which are single-board IBM-compatible PCS that reside in a single chassis. The latter produce 
l-D, 2-D and 3-D images, respectively, from the processed data obtained from the Sun. These 
processors share a single keyboard and video display, via a three-way data switch. 

All of the computers are connected through an industry-standard Ethernet network, using the 
Sunselect PC-NFS Network File System (V 5.0). The Sun runs under Sun OS V 5.3 operating 
system, a version of Unix, and the PCS mi under MS-DOS V 5.0. A Hewlett Packard LaserJet 4 
and Tektronix Phaser I1 SDX color printer are included for hard copy output. 

4.2 Software 

4.2.1 Calibration 

In order to translate the various raw timing and signal amplitude inputs into meaningful physical 
quantities, a number of calibration coefficients must be determined before data acquisition begins. 
Most of these coefficients are set using the program “CALIBRAT”. This program allows the 
operator to display histograms of various raw quantities and equate peak positions with externally 
measured quantities, which is then used to compute the appropriate conversion factor. It is run 
from one of the display computers in order to take advantage of the display software. To simpllfy 
the calibration procedures, it sends messages to the acquisition program to turn acquisition on and 
off as needed (as distinct from normal acquisition where these functions are executed by the data 
acquisition PC itself). 
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The time-of-flight calibration for the individual NaI detectors is done by placing each of the pods, 
in turn, in the neutron beam at a known position. Neutron interactions in the NaI crystal itself 
produce a signal whose time, relative to the alpha pulse, is equal to the neutron time of flight plus I some offset that depends on the propagation times of the signals through the electronics. The 
operator marks the peak of the displayed time spectra by cursor and enters the measured distance 
of the front surface of the detector from the beam’s origin. This is done for all four detectors in 
the pod; the pod is then moved to another distance and the process repeated. When two 
measurements have been made for a given detector, the computer has enough information to 
compute the distance versus time and the instrumental offset for that detector. 

Another measurement that is done with a detector pod in the beam gives the PSPMT x and y 
position calibrations. This uses histograms of x and y ,  computed as shown earlier. Each 
histogram has two peaks, corresponding to the left (top) versus right (bottom) pair of detectors. 
As above, the operator marks the center of each peak and enters the measured positions of the 
detectors relative to the axis of the neutron cone and the distance of the NaI crystal from the 
beam’s origin. Since two positions are measured simultaneously for each direction, only one such 
measurement is needed to calibrate this detector. 

It should be noted that the neutron flux activates the sodium in the NaI crystals, which causes 
background signals to be generated in the detector itself. This effect is minimized by leaving the 
detectors in the beam for as little time as possible. In any event, the half-life of the 24Na produced 
is only 15 hours and so the effect is short-lived. 

The analog signals of each NaI must also be calibrated for energy as a function of integrated 
charge. This is done by taking data on uncomplicated objects that produce several clear peaks at 
well known energies. The traditional items are a one liter plastic bottle of salt (NaC1) and one of 
water (the pods are now of course out of the beam). The calibration program displays the 
spectrum of each detector individually. As above, the operator chooses a peak that corresponds 
to a known energy, which is input to “tag” that peak channel. This is repeated a second time, 
preferably for a peak not too near the first, and then the computer is instructed to compute a 
linear fit to the data. 

When all detectors have been calibrated, the entire set of calibration coefficients is saved to a disk 
file. This data set is used for all runs until it is superseded. A given calibration set usually remains 
valid until a change is made in the electronics. One potential exception is the energy calibrations, 
due to the fact that the light output of NaI for a given energy deposition varies with temperature. 
In a temperature-controlled laboratory, this problem is minimized, but in field situations it is more 
important to monitor the energy calibration periodically to avoid degradation in the energy 
resolution. 

Because the gammas are emitted in all directions, the NaI detectors may be placed anywhere 
relative to the object under interrogation (although it is desirable to keep them shielded from the 
neutron flux to avoid activating the sodium). However, the time recorded for an event is the sum 
of the times-of-flight for the neutron and the gamma. It is necessary to know the location of the 
NaI crystal in which the gamma was detected, in addition to the neutron trajectory obtained from . 
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the alpha detector and the particle velocities, in order to determine the point of interaction for 
each event. 

The positions of the NaI crystals are established by measuring three specified corners of each pod 
with respect to the system’s left-handed coordinate system. These measurements establish the 
position and orientation of the pod in spact:. From this data, the program “LOCATE” computes 
the coordinates of each crystal in the pod using their known locations within the pod. 

4.2.2 Data Acquisition 

The software on the data acquisition PC performs several tasks in addition to the collection of 
data. On startup, the program initializes the CAMAC hardware and loads parameter values into 
the appropriate modules, such as TDC timing delays and ADC pedestal values. These parameters 
are stored on disk, and can be changed and rewritten to CAMAC at any time that data acquisition 
is off. The user can also initiate hardware itests implemented in some CAMAC modules, such as 
the ADC and memory modules, while acquisition is off. 

The data taken during an acquisition “run” is labeled using a 1-8 character name. This name is set 
using the data acquisition computer, and a change triggers related events such as resetting the 
scalar displays to zero. It also signals the s’erver to create a new set of files, if necessary, and zero 
the appropriate variables in preparation for the new run. 

A run is started with the execution of an “Enable Acquisition” command and halted by “Disable 
Acquisition”; a given run may be re-started and stopped any number of times, as conditions 
warrant. During the run, the E R A  memory buffers and the scalars are read at a set interval, 
typically every five seconds. This interval can be changed by the operator. A run is ended when 
acquisition is disabled and either a new run name is chosen or a “Clear Buffers” command given 
to zero the data buffers and scalars (which signals that the data just taken are to be discarded). 

During acquisition, the acquisition computer also displays information pertaining to the run, such 
as a running total of the data words collectled, acquisition time and the scalar values. CAMAC 
data words are 24-bits long (which can represent unsigned integers as large as 16,777,215), and 
so some hardware scalars would overflow many times during a run. The API software handles 
this problem by zeroing the scalars after every read out, and since all scalai- rates are less than 
105/s, there is no danger of an overflow before the next read. The values read are simply summed 
in a high-precision data word in the computer, and passed to the server to be stored on disk as 
well. 

Statistics pertaining to the last data buffer r-ead, or the run as a whole, are also displayed in any 
one of several formats chosen by the operator. Through his selection of the format, the operator 
can monitor the quality of the data as they are collected, or attempt to diagnose problems that 
may arise. 

16 



4.2.3 Data Storage and Analysis 

As stated earlier, the Sun Microsystems computer is used to process the events and store them on 
disk for retrieval and display by the single-board PCS. During periods of data acquisition, the 
main program, “sort-data”, runs continuously on this machine without intervention, performing 
the tasks described below. Outside of data acquisition, the Sun is also used for program 
development and data archiving. 

The Sun maintains several files for each run. All of the files use the name of the run (1-8 
alphanumeric characters), and have a 1-3 alphanumeric character extension to designate the 
specific file. These filename restrictions are necessary to maintain compatibility with DOS. 

Data files are stored in subdirectories within a master directory, according to project; within a 
project subdirectory, all data files for a given run are in their own directory. The event records 
are stored in both raw and calibrated form. Although, we usually are interested in viewing the 
calibrated data, storage of the raw data serves two purposes. First, a histogram of the raw data 
can sometimes be used for diagnostic purposes. Second, having the raw data available makes it 
possible to change the calibration parameters and reanalyze the data at a future time. This might 
be done to further refine the calibration, or to correct errors in the original calibration uncovered 
after the run. 

In addition, log files are kept for each run that contain the date and time for each instance when 
the run was enabled or disabled, and a periodic record of the scalar values and the amount of data 
accumulated up to that time. This information is not normally needed for data analysis, but is 
maintained for diagnostic and quality control purposes. 

When the Sun receives a message from the acquisition computer that the run name has been 
changed, it checks to see whether the corresponding files exist (which may be the case, especially 
for run names such as “test”). If they exist, the Sun wiU prepare to append new data to the old. 
The acquisition computer may also issue a “Clear Buffers” command before data acquisition is 
enabled; in response, the Sun effectively erases the data set. If the files do not exist, they are 
created and the appropriate variables initialized in preparation for the new run. 

When acquisition is enabled and the Sun receives a buffer of data from the acquisition computer, 
it processes each event in several steps. First, the data set is parsed to insure that each expected 
piece of information is present. If the event record is found to be incomplete, it is discarded. 
Next, the input is processed to obtain “raw” coordinates. Finally, The raw values are translated 
into calibrated values, with position coordinates in units of centimeters and energies in units of 
MeV. The raw and calibrated event records are each written to their respective data files, from 
which they are read by the display processors. 
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4.2.4 Data Display 

The three single-board PCS behave, in some respects, like a single machine. They share a single 
keyboard, mouse, monitor and set of logical disk drives (that physically reside on the Sun), 
through which they access the data to be displayed. Separate programs run on each - for 1-D, 
2-D and 3-D histogram display, respectively - but otherwise they share the same data and 
parameter files. The principal display parameters describe the Regions Of Interest (ROIs). These 
ROIs define a subset of the current data set (usually the current run during acquisition) that the 
operator wants to analyze more carefully. 

Both position and energy ROIs may be del'ined; the two cases are treated somewhat differently. 
One position ROI can be defined at a time., usually by setting a lower and upper limit for each of 
the three position coordinates (x, y, and z )  to spec@ a rectangular three-dimensional volume. 
(The 3-D processor has its own volume ROI parameters: in addition to boxes, the user may 
define spherical, cylindrical, or conical volumes.) However, these are three groups of energy 
ROI, labeled red, blue and green, with a maximum of eight ROIs (pairs of lower and upper limits) 
for each. Each groups corresponds to a given element, or group of elements. An element that 
has several strong peaks in its energy speci:rum, such as oxygen, can be labeled by declaring ROIs 
of a given color, such as blue, on each oxygen peak. This will enhance the identification of the 
material in the position histograms. 

When an ROI is set in a given histogram, all of the histograms are simultaneously updated with 
the same information, so that all views are consistent. When one or more energy ROIs are 
defined and associated with a particular color in the energy histogram, the corresponding data in 
the position histograms are re-displayed in that color at the appropriate intensity for each point; 
data that do not correspond to any energy ROI appear white in all histograms. However, when a 
position ROI is defined, the data are re-analyzed so that events occurring outside the ROI are 
excluded from all histograms. Thus, an energy histogram will change to reflect only what is inside 
the volume. 

The 1-D processor can display projections along one of the four dimensions, x, y, z or gamma 
energy. Furthermore, the energy spectra from either the NaI or the HPGe detectors may be 
selected. A number of display options, such as linear or logarithmic plotting, expansion of part of 
the spectrum to view it in greater detail, arid subtraction of a specified background spectrum are 
provided. There are also peak analysis functions, histogram output functions (either data to a disk 
file or a graph to a printer) and elemental identification functions. The latter use information 
stored in a data base to either overlay gamma ray lines of a specified element on the energy 
histogram or set up an ROI. ROIs may be added or deleted individually, using cursors to set its 
limits. A complete set of ROIs may be saved to a disk file, and a previously saved set can be 
loaded to replace the current set. 

The 2-D processor displays histograms of x versus y, x versus z, and y versus z. Because of 
memory and display constraints, the display resolution is limited to 64 x 64 channels. This 
resolution is insufficient for the energy hisl.ograms (NaI spectra have 2048 channels resolution, 
HPGe spectra have 8 192), and therefore the options of plotting energy versus x, y or z have not 
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been implemented. Since the 2-D display is only used to plot position information (except for the 
color-coded ROI information as described below), features that pertain to energy histograms 
(such as peak analysis functions) are not available in the 2-D program. However, the 2-D views 
from the “front” (x versus y), “side” 01 versus z) and “ t ~ p ”  (x versus z) are generally superior to 
the 1-D views for setting the position ROIs. 

As mentioned above, the 3-D processor can also be used to define a spacial region of iqterest. 
However, in practice it has been found that the 3-D image does not give a clear picture of the 
object under test until a substantial amount of information has been obtained. This is because the 
data is spread among a very large matrix of “voxels”, each of which has large statistical 
fluctuations for moderate amounts of acquired data. Thus we have found that the 3-D display is 
not as helpful as the others for timely identification of materials. 

In going back and re-analyzing the data file from the beginning each time an ROI is changed, the 
experimenter profits from the entire data set, not just that which has been taken since the change. 
Another feature of this loose coupling between acquisition and display is that during a run, the 
experimenter can switch to a data set other than the one currently being acquired, perhaps to 
compare the two, and then return to the current data set. The display routines can process about 
10,000 eventds, so that most data sets are completely analyzed in less than one minute. 

4.3 Lab Layout and Shielding 

An overview of the laboratory layout is shown in Figure 8. The tagged neutrons are emitted to 
the right, centered about a horizontal beam axis. The orientation of the left-handed coordinate 
system is indicated. 

Because it surrounds the neutron generator itself, the amount of radiation shielding needed is 
quite modest. The shielding is composed of a stack of 5 cm-thick sheets of high density 
polyethylene measuring 91 x 91 cm. An area in the center of each sheet is cut out to provide 
room for the STNG and its PSPMT. The high voltage cables enter through an “L-shaped” 
conduit to lessen the probability of neutrons drifting out along the cable path. A cone-shaped 
aperture on the side opposite the PSPMT allows emission of the tagged neutrons. The 
polyethylene block is augmented on top and in the back by additional material to insure at least 
36 cm of shielding in all directions. 

The radiation level in the lab is indistinguishable from background levels, except for the 
frustum-shaped volume filled by the tagged neutron flux. Radiation protection downstream from 
this cone (to the right in the figure) is provided by an infrequently used area adjacent to the lab 
that is secured. (The distance from the center of the tube to the wall to the right is 9 ft.) An 
interlock system tied to the STNG power supply prevents the API system and the adjacent area 
from being used simultaneously. The dose rate produced by the STNG is -6.5 mR/hr at 1 m from 
the center of the tube with a flux rate of 3 x lo6 neutronds (into a 4n solid angle); at 3 m, this 
drops to 0.72 m h r .  
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Figure 8. Layout of the MI laboratory at STL. 
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5.0 MOBILE API SYSTEM 

In the final phase of this project, we assembled and tested a fully mobile field system whose 
purpose is to transport the API apparatus to various locations where its use can be demonstrated 
in a number of potential applications. 

5.1 Trailer 

The mobile system was built around a portable operation station that houses the electronics and 
computer hardware, distributes electrical power and houses the experimenters. We were able to 
obtain an excessed CORRTEX trailer from the Nevada Test Site for this purpose (Figure 9). 

Figure 9. The mobile API trailer. 

The trailer is the size of a standard cargo 
container, 8 ft x 8 fi x 22 ft, and is mounted on a 
removable, wheeled undercarriage. It is 
equipped with six standard 19" electronics racks 
and computer workstation, a complete heating 
and cooling system, a workbench and storage 
space for smaller items. Electrical power can be 
delivered from an external 230 V, three-phase 
source that is converted to 115 V, two-phase 
power for internal distribution. When no 
external power is available, a built-in 200-amp 
generator is used. 

The electronics are installed (with room to 
spare) in three of the four racks in the middle of the trailer; the STNG's high-voltage power 
supply is mounted in the fourth for transport. The detector pods, STNG tubes and other 
equipment can also be secured to various supports inside the trailer for transport (Figure 10). 

Figure 10. Inside of API trailer. 
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It should be emphasized that this particular trailer was obtained because: 1) it exceeded our 
minimum requirements, 2) it was available immediately, and 3) we had only to pay shipping COI 
(the cost of manufacture was approximately $1M). For applications in which better mobility 
and/or a more compact system is an issue, the electronics and computer station could fit into a 
conventional van. 

5.2 Comparison Between Laboratory and Mobile Systems 

The primary functional difference between the lab and mobile systems is that the latter uses onl 
two pods, with eight gamma detectors. The decision to use half as many detectors was based 
some of the demonstration scenarios under discussion at the time, in which the accessibility of 
objects of interest and the mobility of the detector array itself were issues. 

The data acquisition electronics in the mobile system is identical to that described earlier, excel 
that the event trigger logic has a capacity for only eight detectors. It would be a simple matter 
expand the electronics for 16 detectors, if needed, since the CAMAC modules used to digitize 
signals are all 16 channels wide (except for the HPGe PaBCs). 

Another difference between the two systerrls arises from the typical field need to place the STb 
and the detector pods at some distance from the data acquisition station to interrogate objects 
with limited accessibility. To accomplish this, the 15 m-long signal and low-voltage power cab 
that connect the pods and the PSFMT to the lab electronics are augmented by an umbilical 
consisting of 21 signal cables and a power cable. The signal cables carry the four analog and fc 
timing signals from each pod and the four analog and one timing signal from the PSPMT. 
RG-316 coaxial cables replace the RG-58 cable used in the lab system in order to reduce the si; 
and weight of the umbilical; this also increases its flexibility. 

The umbilical is divided into three I00 foot sections so that the length used can be tailored to a 
given situation. Each section is sheathed in “‘z Trac” zippertubing to protect it from 
contamination; in such cases, the zippertubing can be discarded after use. It is desirable to keel 
the cable length as short as is practical in order to minimize signal degradation. In addition, 
longer cables are more prone to picking up electrical noise, which further reduces the quality ol 
the data. For these reasons, we avoid using more than 200 ft (two sections) of umbilical if 
possible. Also, should one or more cables lie damaged, it is easier and less expensive to replact 
single 100- ft section than a full 300 ft. 

A related issue is whether the high voltage power supply (HVPS) for the STNG can be placed 
near the STNG, or whether conditions dictiite that it be some distance away. For occasions wk 
the latter is true, we have also constructed ii 200-foot long high-voltage cable for each of the 
three connections. These cables are bundled together and covered with disposable zippei-tubinj 
a similar manner as for the signal cables. 

The computer system and software in the niobile version are identical to that in the lab version, 
with the minor exception that no printers %e included. 
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6.0 SYSTEM OPERATION 

6.1 Energy and Position Resolution 

The energy resolution of the M I  system is almost entirely determined by the resolution of the NaI 
detectors. Each of the NaI crystals has been refurbished to insure optimum performance, and the 
vendors have reported resolutions as low as 8% (for 662 keV 13’Cs gammas) for some crystals 
after refurbishing. However, the best resolution that we have obtained with these crystals 
measured with the standard API electronics is about 10%. Most, if not all, of this discrepancy is 
probably due to noise in the charge-sensitive ADCs used to digitize the data. Another possible 
contribution may come from imperfect voltage regulation in the detector pod HVPS. Since the 
resolution of NaI is proportional to the square root of the energy, a resolution of 10% at 
0.662 MeV corresponds to 8.1 % at 1 MeV, 5.7% at 2 MeV, and so on. 

The lateral position (x- and y-axis) resolution is determined by the uncertainty in the alpha particle 
trajectory, which is a function of the uncertainties in the origin and the endpoint of that trajectory. 
The origin of a particular d-t reaction cannot be determined: it is assumed to be at the center of 
the target, and so its uncertainty is simply given by the beam spot size on target. This has been 
measured to be 0.8 mm full-width-at-half-maximum (FWHM)? The uncertainty in endpoint is 
given by the position resolution of the alpha detector, which is 0.7 mm FWHM’. The angular 
uncertainty is obtained by adding these two components in quadrature and dividing by the 
distance from the target to the phosphor screen, 100 mm, which gives 10.6 Mrad, or 
0.61 degrees. The lateral position uncertainty is therefore 1.06 cm/m of distance from the STNG. 

The depth position (z-axis) resolution is determined primarily by the Uncertainty in the 
time-of-flight measurement. This, in turn, is a combination of the timing resolutions of both the 
alpha and gamma detectors, and (as discussed earlier) the size of the NaI crystals used in the 
gamma detectors. This aggregate uncertainty was determined by putting the detectors in the 
neutron flux and measuring the width of the time-of-flight spectrum obtained. The peak width 
corresponds to 3 - 3.2 ns, which translates into a position resolution of 15-16 cm. It should be 
noted that there are additional small contributions to the uncertainty in depth from the 
uncertainties in the neutron (thus alpha) trajqctory and the coordinates of the gamma detectors 
since these variables enter into the calculation of the neutron interaction point. The uncertainty in 
the coordinates of a given detector contributes to a systematic uncertainty, but since there are 
either two or four pods whose uncertainties in location are not correlated, the overall effect is to 
increase the “smear” in the z-axis direction. When added in quadrature to the timing uncertainty, 
these contributions increase the overall uncertainty by less than one percent. 

6.2 Neutron Flux and Interaction Rates 

The maximum neutron production rate that the STNG can maintain is approximately 
10’ neutronds, limited by target degradation caused by beam heating. The neutrons are emitted 
isotropically, and since the phosphor window subtends 1.7% of 4.n, the corresponding alpha rate 
is 1.7 x 105/s (assuming 100% efficient detection of alphas). However, this alpha rate has not 
been attained for several reasons. 
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The first reason is that the detection of alplhas on the phosphor is not 100% efficient. The 
d-t interaction does not usually occur on the surface of the target, but as far as several microns 
within. The alphas produced in these reactions lose some of their energy as they escape the target 
on their way to the phosphor. In addition, they must penetrate the aluminum coating that covers 
the phosphor before they enter the phosphor itself. 

Not only do low-energy alphas deposit lest; light in the phosphor, but they deposit it relatively 
shallowly in the material, not near the back surface (adjacent to the PSPMT). The WL1201 
phosphor strongly absorbs its own light, so that light fiom low-energy particles is attenuated more 
by virtue of the fact that it must pass through more material to reach the PSPMT. The result of 
all this is that when the discriminator threshold is set somewhat above the noise level of the 
photomultiplier, many lower energy alphas are missed. 

The performance of the phosphor has been improved significantly through careful filtering of the 
WL1201 powder before it is deposited on the fiber faceplate window. By filtering, we obtain 
finer and more uniformly sized particles of phosphor, which leads to a more uniform coating and 
makes it easier to control its thickness. Measurements made on a STNG with the improved 
phosphor coating show the probability of alpha detection to be about 40%; measurements on 
earlier tubes indicated efficiencies as low as 10%. 

A promising alternative to WL1201 has been identified. The phosphor P-47 produces 
substantially more light than WL1201 for E L  given energy deposition and is much more transparent 
to its own light, so that more of the light that is generated reaches the photomultiplier. A 
disadvantage is its slower rise time, however the adverse effect on timing resolution might be 
negated by the large increase in signal strength. Unfortunately, very little testing has been done so 
far on this alternative due to time and funding constraints. 

The primary restriction on the alpha rate is the need to avoid event pile-up. MI events are 
coincidences between one alpha and one g , m a  within a time window. As with any other 
coincidence technique, if the event rate goes up, so does the probability of two or more events 
overlapping in time. In the present case, if'a second tagged neutron is emitted within the 
coincidence window of the first and a coinciflent gamma ray is detected, it is impossible to know 
which neutron took part in the interaction. Since neutron production is governed by Poisson 
statistics, they are emitted at random intends and the probability of overlap is proportional to the 
average rate of production. For example, to keep the probability below 1% the average interval 
between neutrons must be more than 80 ns x 100 = 8 ps, or 1.25 x 105/s. 

A similar argument holds for data acquisition rate. Once a coincidence has been formed, it takes 
approximately 20 .LLS to latch, digitize and store the event data. As the event rate (which is 
proportional to the alpha rate) goes up, so does the probability that a second event will arrive 
before the electronics has fuzished handling the first; the second is then discarded. In cases where 
an event is generated for fewer than every 250 alphas (on the average), this places an even more 
stringent limit on the alpha rate when quantitative information is important. 
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In the lab, the typical alpha rate for data acquisition is -3000-5OOO/s for other reasons in addition 
to the above. As noted earlier, there is no radiation shielding downstream of the STNG. By 
keeping the alpha (neutron) rate low, the radiation level in the adjacent area is minimized. 
Another reason is to limit the adverse effects of any drifting in the regulation of a power supply 
while the system was unattended. AU of the supplies used have excellent regulation, and we have 
found that the system will operate for as long as 48 hours with no adjustments in the settings. 
However, if the current supply that regulates the deuteron reservoir were to drift upward even 
slightly, the neutron rate could increase by a factor of 2-3 before the backup voltage regulation 
kicked in. By operating the STNG at a very conservative rate, we insure that such an eventuality 
would cause no harm. 

In the single field test performed to date, the above considerations were not at issue, and we ran 
the STNG at alpha rates of 2-3 x 104/s (an order of magnitude higher than typical lab tests) with 
no perceptible degradation of the data. 

7.0 

7.1 

RESULTS AND ANALYSIS 

Test Run: Teflon and Water 

A simple test of the API technique, illustrated in Figures 11-14, involved taking an image of a 
5 x 10 x 35 cm block of teflon (essentially CF,) and a one liter plastic container fded with water. 
Figure 11 shows 2-D images of these objects looking from above (top view), from the right (side 
view) and from the direction of the STNG (front view). The colors in these images reflect 
prominent energy levels corresponding to fluorine (red), carbon (green) and oxygen (blue), as 
assigned using the energy spectrum shown in Figure 12. This spectrum corresponds to the entire 
volume seen in Figure 11. 
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Figure 12. Energy spectrum of the entire teflon and water image. 

By defining an ROI enclosing only the bottle of water, the spectrum shown in Figure 13 is 
obtained. In this spectrum, the oxygen pealrs between 5.5 and 6.5 MeV are enhanced significantly 
and the fluorine peaks fade into the continuum. This reflects the fact that oxygen is present in 
water but not in teflon; the reverse is true for fluorine. The carbon peaks at 3.9 and 4.4 MeV are 
still present because the water was in a plastic bottle containing carbon. It is interesting to note 
the appearance of the large peak just on the low energy side of the 3.9-MeV peak, which is not 
noticeable in the complete spectrum (Figure 12). This state is due to the 160(n, a)13C reaction, in 
which the excited 13C nucleus emits a gamma, and so contributes to the oxygen signal. 
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Figure 13. Energy spectrum O C  the volume containing only the water. 
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An ROI around the teflon gives the spectrum in Figure 14. Here we see that the oxygen peaks 
have disappeared and the fluorine peaks have become more distinct. The carbon peaks are also 
larger because there is more carbon present in the teflon than in the plastic water bottle. 
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Figure 14. Energy spectrum of the volume containing only the teflon. 

7.2 Application to Resource Conservation and Recovery Act (RCRA) Materials 

Anticipating the use of MI to survey for so-called RCRA materials in preliminary environmental 
remediation efforts, we made measurements on several pertinent elements: arsenic, cadmium, 
chromium, mercury and lead. These elements are all in the medium-to-heavy mass range, and for 
the most part, have exhibited low cross sections for (n,y) and (n,n'y) reactions. Another factor is 
that many of the heavier elements, such as cadmium and mercury, consist of several isotopes. 
Each isotope has a different energy spectrum, so that the gamma detected from these elements 
tend to be spread over more energies than those from single-isotope elements, making their 
identification more difkult. 

The problem is exacerbated by the fact that searching for RCRA materials usually involves 
I detecting small quantities dispersed in another material such as concrete. In such cases, the 

position information is of little use in isolating the target elements. Furthermore, concrete is 
composed of elements, such as carbon, calcium, oxygen and nitrogen, that readily interact with 
neutrons. Experimentally we have found that concrete is a relatively good absorber of neutrons 
and it is hard to see into (or through) more than about 15 cm of it. 

We have determined that lead contained in a matrix of concrete can be detected at a concentra- 
tion of approximately one part per thousand (with the gamma detectors currently in use). 
Arsenic, cadmium and chromium are somewhat more diffkult to see, and mercury cannot be 
detected even at high concentrations. 
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7.3 Application to Uranium 

There is also interest in using MI to characterize the quantity and distribution of material in the 
pipes of gaseous diffusion plants. Over the years, deposits of solidified uranium steadily build up 
in diffusion plant pipes, raising the possibility of accumulating a critical mass. There is a dire need 
to characterize the spatial and mass profie of the deposits over many miles of piping within a 
closed system, despite limitations in physical accessibility in some areas. 

At the K-25 plant in Oak Ridge, Tennessee, the issue is one of decontamination and 
decommissioning of the plant. The general amount present in a given area can be determined 
from passive measurements, but more specific information is needed in order to plan its 
disassembly. The risk is that shifting clumps of material might form a critical mass as sections of 
piping are cut out and removed. 

In preparation for a planned demonstration of BPI at K-25, we have made measurements of a 
simulated mass of UF, inside of a length of :steel pipe similar to that found in diffusion plants. The 
simulated UF6 consists of a 9-kg plate of depleted uranium (238U) and a 5.7-kg block of teflon; 
this is equivalent to 13.3 kg of UIF, i- 1.4 kg of carbon. The pipe is 6.4-mm thick and 65 cm in 
diameter. 

A 2-D view of the simulated uF6 in the pipe: is 
shown in Figure 15, with the iron peaks colored 
blue and the principal uranium peak colored red 
(although it should be noted that a relatively 
weak iron peak underlies the strong uranium 
peak at 1 MeV). The t& simulant is clearly 
distinguishable in the middle of the pipe. In the 
corresponding energy spectrum (Figure 16), the 
principal uranium peak is nearly as strong as the 
two largest iron peaks, even though the mass of 
the steel illuminated by the neutron flux is over 
four times that of the uranium. 

By applying an ROI that encompasses the 
interior of the pipe, the spectrum of the 
simulated UF, by itself was obtained. In thh 

' spectrum, shown in color in Figure 16, the iron 
peaks are greatly attenuated. The peak seen at 
about 1.35 MeV in the UF6 spectrum is due to 
three closely spaced fluorine lines. The carbon 
peaks at 3.9 and 4.4 MeV are visible in both 
spectra, as expected, since carbon is also present 
in steel as well as the UF6 simulant. 
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Figure 15. Two-dimensional image of a steel 
pipe containing a piece of depleted uranium. 



The quality of the extracted UF, spectrum answers the question of how easily API can "see" 
through steel barriers. Although the attenuation of 14-MeV neutrons was not considered a 
problem, the attenuation of gammas was another matter. The attenuation length of 1-MeV 
gammas in steel is 1.33 cm. This leads to the question of how much the energy and position 
resolution might be degraded due to scattering in steel walls or pipes of even modest thickness. 
No degradation h resolution can be seen h the spectrum of UF, simulant inside the pipe, as 
compared to a spectrum of the simulant taken by itself. This suggests that API can probably see 
through steel thicknesses of 1-2 cm, with some reduction in data collection rate due to gamma 
attenuation. 

J 

60a) - 

4003- 

"- i 
- 

0 1 2 3 4 5 6 
MeV 

Figure 16. Energy spectrum of a steel pipe with UF, simulant inside, 
and that of just the interior volume indicated in Figure 15. 

7.4 Field Experiments 

To date, one field test of API has been performed, at the Hypervelocity Test Facility of the Indian 
Head Naval Explosive Ordnance Disposal (NAVEOD) Technical Center in Maryland. The 
purpose of this exercise was twofold: 

1. perform an operational shake down of the newly developed field system, and 
2. provide API performance data on targets of interest to potential API users. 

The results of this exercise have been reported elsewhere." Here, we will give one example to 
illustrate the breadth of MI'S utility. 

During one test we acquired data on a motor vehicle containing fertilizer, which was used as a 
sirnulant of improvised explosives. The detection of explosives such as ammonium nitrate/fuel oil 
(ANFO) used in the Oklahoma City bombing, has become a very critical issue. 
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The vehicle with hidden explosives was modeled by setting 190 pounds of fertilizer (10% 
nitrogen, 10% potassium, 10% phosphorus:) in the back of a Ford Explorer (Figure 17). It was 
backed up to the experiment station, with the rear bumper at about 3 ft from the STNG tube. 
After just a few minutes of data 
acquisition the presence of something 
concealed in the back of the vehicle was 
visible in the position histograms; the 
fact that its elemental composition was 
different than that of the vehicle itself 
was also apparent (Figure 18). We were 
able to identify the metal tailgate at -3 ft 
from the STNG, the “explosive” 1% ft 
inside the compartment and the rear seat 
at -4 ft from the tailgate. The sides of 
the vehicle were outside of the beam of 
tagged neutrons and therefore did not 
contribute to the image. Figure 17. Fertilizer set in the back of a Ford Explorer. 
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Figure 18. The 2-dimensional image is a “top view” of the volume. 

We also measured the spectrum of the fertilizer by itself to use as a basis of comparison with 
spectra taken of the vehicle. Then, a spectrum of the mass in the cargo area was isolated from 
that of the rest of the vehicle (except for some unavoidable inclusion of the cargo area flooring) 
by analyzing only the data inside the 3-Dl volume corresponding to that mass. The resulting 
spectrum was very similar to that of the fertilizer alone (Figure 19). This shows that the spectra of 
such material are not much degraded by the structure of a motor vehicle. It should be noted that 
the “10-10-10” fertilizer used has less nitrogen than ammonium nitrate (35% nitrogen), so that 
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Figure 19. Energy spectrum of the mass inside the Ford Explorer 
compared with that of fertilizer measured separately. 

nitrogen alone was not the determining factor. However, most explosives also contain a lot of 
carbon and oxygen, which are easily detected with API, and the ratios of these three elements can 
be used to identify such materials. 

8.0 CONCLUSIONS 

An API imaging system has been designed and constructed at STL. Laboratory experiments have 
illustrated some applications in which API can provide information unobtainable by any other 
means, as well as instances where API is not particularly suitable. A transportable system has 
been built and field tested, proving that API can be taken out of the lab and into real-world 
situations without loss in effectiveness. 

Two achievements in particular were required to make this system a reality. The first is the design 
and construction of a neutron generator that allows for the detection of the recoil alpha, yet is 
rugged and safe to use in the field as well as in the laboratory. The second is the design and 
construction of a high voltage power supply in which three separately adjustable sources are 
"stacked" on top of another, each remaining stable regardless of the voltage or current drawn 
from the others. Both of these projects were carried out in-house, in the fxst case with assistance 
of colleagues from sister EG&G (now Bechtel Nevada) facilities. 

Another achievement is an in-house developed software package which orchestrates simultaneous 
processes and tasks on three inexpensive networked computers. This system also provides the 
data display and analysis functions necessary to exploit the data to their fullest. 
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API does not produce results as quickly as many other interrogation techniques: that is a trade-off 
for the wealth of information it provides. However, the limits of data acquisition rate have not yet 
been pushed. With the current operational parameters, the alpha (i.e., tagged neutron) rate could 
be as high as -105/s without seriously affecting the quality of the data. By reducing the extent of 
the interaction volume, that rate could be increased by a factor of two or three. 

For a given alpha rate, the time necessary to make a particular identification could be decreased 
by improving the resolution of the gamma detectors, or increasing their number. As noted earlier, 
smaller NaI crystals would probably lead to somewhat better energy resolution. A possible 
replacement for NaI that may become available in the near future uses compressed xenon gas as 
the active medium. These detectors, which are currently under development, have very nearly the 
same detection efficiency as a NaI detector of equivalent volume and a reported energy resolution 
of approximately 2.5%, midway between NaI and HPGe. The improved resolution would not 
only allow a given peak to be discerned above the continuum more quickly, it would also improve 
the separation of adjacent peaks. Better resolution would also increase the sensitivity of API to 
small quantities of material within a given matrix. Therefore, the threshold of detection would be 
greatly improved. 

MI occupies a unique niche in the interrogiition of unknown objects. It provides detailed 
information about targets of interest using a very penetrating type of radiation, which enables it to 
“see” through sight barriers. Due to the isotropic nature of the (n,y) reaction, the gamma 
detectors can be set on the same side of the barrier as the neutron source, so that objects can be 
interrogated from a single side (looking into an unaccessible space behind a wall, for example). In 
fact, the detectors may be arranged however it is most convenient for the situation at hand. 
Finally, full 3-D information is obtained without having to rotate either the detectors or the object 
under interrogation. 

32 



9.0 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

REFERENCES 

Measurement of Fast Neutron Nux, H. H. Barschall, L. Rosen and R, F. Taschek, Rev. 
Mod. Phys. 24 (1952), 1. 

The Use of t(d,n)4He Reaction for a Comparison of Some Methods for the Absolute 
Measurement of a Fast Neutron Flux. The Yield of a Ra-a-Be Source, K. E. Larsson, 
Ark. Fys. 9 (1953,293. 

Total Cross Sections for the 6Li(n,a)3He Reaction Between 12 and 18 MeV, C. M. 
Bartle, D. W. Gebbie and C. L. Hollas, NucL Phys. A, 397 (1983), 21. 

Coincident In-Beam Measurements on 52Cr Bombarded with 14.6 MeV Neutrons, 
INDC(CSR)-6/GI, IAEA, Vienna (1985). 

C. W. Peters, Nuclear Diagnostics Systems, Springfield, Va., private communication 
(1984). 

The Associated Particle Technique for One-sided Imaging, L. E. Ussery, C. L. Hollas 
and G.J. h o n e ,  Report # LA-CP-89-331 (1989). 

R. Morgado, Los Alamos National Laboratory, private communication (1989). 

E. Rhodes, private communication (1991). 

Current Status of the Associated Particle Imaging System at STL, J. P. Hurley, et A, 
EGG-10617-3008 (1992). 

Mobile associated particle imaging system, James Tinsley, Leslie Drake, Jack Guerrier, 
Garrett Headley, Charles Hudson, Paul Hurley and Laura Tunnell, Hard X-ray/Gamma 
Ray and Neutron Optics, Sensors, and Applications, Proc. SPIE 2859 (1996), 102-106. 

33 



APPENDIX A 

DATA ACQUISITION ELECTRONICS DETAIL 



Appendix A 
Data Acquisition Electronics Detail 

Most of the circuitry discussed is shown schematically in Figure 5. The principal timing signal for 
the event acquisition sequence is derived from the alpha detector dynode signal using a constant 
fraction discriminator (CFD). The outputs from this CFD are used to form the event trigger and 
the control signals for the time digitizer module. 

Because many alpha particles are detected for every gamma particle, the time digitizer is operated 
in common stop mode: the individual channels are started with the timing signal from a gamma 
detector and all stopped with the alpha time signal, delayed by a suitable period of time. Thus, a 
relatively long period of time between an alpha time pulse and a gamma time pulse translates into 
a relatively small signal in the digitizer, and vice versa. This inverse relationship is later processed 
by the computer into the actual time-of-flight. 

One alpha time signal output is presented to the master start input on the time digitizer module, 
which prepares the module to accept start signals from the gamma detectors. A second output is 
delayed by about 115 ns, passed through another CFD to “clean it up”, and presented to the 
common stop input of the time digitizer 150 ns after the master start. A level translator module is 
used to convert the two NIM signals to ECL signals to satisfy the time digitizer circuitry. 

Another alpha time signal is used to develop an 80-11s time gate through the use of a gate and 
delay generator. The output from this module is fanned out to two octal two-fold logic modules 
where the gate is compared to the timing signal from each gamma ray detector. One of the 
outputs of each coincidence circuit is routed to a fan-in module that acts as a 16-input OR gate. 
The output of this gate serves as the event trigger. The other output from the coincidence circuits 
goes to a 16 channel discriminator latch. 

The discriminator latch has 16 outputs, one for each input, corresponding to a coincidence 
between the 80-ns gate and a particular NaI detector. A signal is produced at the output channel 
corresponding to the NaI detector that generated the event trigger. These outputs are transmitted 
via ribbon cable to a 16-channel, digital programmable delay unit, where fine timing adjustments 
are made, and then to the start inputs of the time digitizer module. A second set of outputs 
controls a pair of octal linear gate modules, allowing only the analog signal corresponding to the 
appropriate NaI detector to pass. This is necessary to block signals from other detectors that may 
be outside the 80-ns gate but still inside the 1-ps digitization time discussed below. 

Before going into a linear gate circuit, the analog signal from each NaI detector is attenuated to 
account for the variations in gain between detectors and to roughly calibrate the signal amplitudes 
so that a signal corresponding to about 10 MeV will be very near full scale for the analog-to- 
digital converters (ADCs). (The attenuators have a resolution of 1 dB; a more precise energy 
calibration is done in software as described below.) The outputs of the linear gates go directly 
into the ADCs. 
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In order to reduce the complexity and cost of the electronics, and the data acquisition rate, 
charge-sensitive ADCs are used instead of peak-sensing devices. The latter require amplifiers 
with pulse-shaping circuitryfor each channel. The charge-sensitive ADCs integrate the input 
signal as long as the gate pulse is open. To record the full charge in the NaI signals, a 1-ps gate 
signal, derived from the event trigger, is used. The same gate signal is used to latch the output of 
the discriminator latch in order to hold the appropriate linear gate channel open for that period of 
time. 

There are actually three charge-sensitive ADC modules used for data acquisition; for simplicity, 
they all use the same set of control signals. One records the analog NaI data, as described above. 
A second module records the output of the time digitizer that produces a rectangular pulse whose 
width corresponds to the difference between the start and stop pulses. The amplitude of this 
pulse is adjusted so that the integrated charge of the pulse produces a full scale ADC signal for 
the largest possible width, thereby rnaximiihg the resolution of the time signal. 

The third ADC module records the XI, X,, Y, and Y, signals from the alpha detector. The 
phosphor used for alpha detection was chosen mainly for its quick time response and light output. 
It does not deliver much light to the photolcathode of the PSPMT and the resulting output signal 
is somewhat less than we would like. It was learned early on that the small position signals were 
being degraded by inherent leakage of the ,integrating capacitors in the ADC circuitry. To 
minimize this effect, the signals are fed into delay amplifiers where they are delayed until just 
before the end of the 1-ps gate and to boost the signals to further lessen the degradation. As with 
the NaI signals, the amplitudes of four position signals are separately adjusted before going into 
the ADC so that events at the center of each axis give nearly equal signals at both outputs. 

The electronics schematic for the HPGe detectors is shown in Figure 6. The fast-slow amplifier 
contains two amplifier circuits, each with iits own pulse-shaping network, in a single module. An 
event trigger generated by a coincidence between the fast (timing) pulse from a given module and 
the 80-ns gate derived from the alpha signal is used to gate the corresponding ADC for that 
detector. This insures that the HPGe data represent prompt reactions and can be directly 
compared to the NaI data. The slow outpiit presented to the ADC for conversion is optimized for 
best energy resolution. 
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