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TUMOR IMAGING GAMMA-RAY CAMERAS 
J. H. Ewins 

Abstract 

The Engineering Research, Biomedical, and 
Radiochemistry Divisions of LLL, the University of 
California Medical Center (San Francisco), and the 
Lawrence Berkeley Laboratory (LBL) are collaborating 
to produce the n.wt generation of nuclear medicine 
cameras. Characterized by an ordcr-of-magnitude finer 
spatial resolution than present-day cameras, a 
100-picturc-element prototype has been developed by 
use of high-purity germanium, grown and fabricated 
at LLL. 

Introduction 

A photograph taken with a poor camera U often 
an unrecognizable picture; however, with experience 
an individual may become relatively successful in 
identifying the image. The practice of nuclear medicine 
relics on cameras which produce questionable pictures, 
at best; that is, the information is in the image, but 
the system docs not resolve it unambiguously. Current 
"cameras" are based on sodium iodide scintillators 
coupled to a number of photomukiplier tubes. Sodium 
iodide is very efficient in stopping incident, 
medium-energy gamma rays; however, the spatial 
icsolution obtainable is only about 1 to 3 cm. 

Figures 1,2, and 3 compare the resolution obtained 
with three different camerus in imaging a rat's thyroid. 
Figure I was taken with a current-model clinical 
camera, using sodium iodide as the detector material. 
Figure 2 was taken with a solid-state detector camera 
in about 1%9, and Fig. 3 with a high-purity 
germanium camera fabricated at LLL. Note the 
separation of the lobes and the absence of background 
in Fig. 3. Presently these gamma-ray cameras are used 
to diagnose cardiac defects, cerebral ischemia (regions 
of tissue with insufficient blood supply), infarcts 
(dying or dead tissue due to iack of blood), hepatic 
(liver) abscesses, skeletal tissue (bone) defects, etc. 
Dynamic studies are carried out on the cardiovascular 
(heart) system in an attempt to diagnose 
coronary-artery insufficiency, septum defects, and 
arteriovenous shunts. 

In contrast with the more recently developed 
cameras, rectilinear scanning has been the principal 
technique used to obtain nuciear medicine images of 
stationary organs. The image is produced by 
maintaining the patient's position and moving or 
"scanning" the detector Incrementally in two 
dimensions. The count rate at a particular coordinate 
determines a gray-scale value recorded on film for that 
location. Because of the sequential nature of the 

technique, the dynamic studies referred to above are 
not possible. As with cameras, the typical scanner uses 
sodium iodide for detection purposes. The fact that 
improvements can be attained by using germanium 
detectors is shown in the brain -can of a patient, 
(Fig. 4b), injected with 9 9 m T c , at the University of 
Chicago; the scan in Fig. 4a was taken with a sodium 
iodide detector. At the right center of the image, one 
can visualize the position of the patient's eye. 
Figure 4b is a scan of the same patient, but made with 
a germanium detector. Note the position of the jyc 
and the enhanced boundary; more important to the 
patient is the tumor in the upper-left quadrant of the 
image. ERD and the Biomedical Division are 
continuing work on improved scanner systems with the 
University of Chicago. 

LLL is presently collaborating with LBL and the 
University of California Medical Center to produce a 
clinical camera with an order-of-magnitude better 
spatial resolution than previous versions. The high 
spatial resolution, 1-2 mm, will allow earlier detection 
and more accurate sizing of breast and brain tumors, 
and permit physicians to estimate absolute blood flov 
to the myocardium (heart muscle), to locate and 
measure ischemic and infarcted areas of the 
myocardium, and to study ventricular function and 
wall motion. 

Fig. 1. Image of a ran thyroid taken with i 
clinical camera. 

current-model 
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Fig. 2. Image of a nt thyroid taken with a solid-Mali: 
detector camera (courtesy of the Society or Nuclear 
Medicine). 

Fig. 3. Image of a rat thyroid taken with a high-purity 
germanium camera. 

Fig. 4. (a) Brain scan of a patient obtained with a sodium 
iodide detector. <n) Brain scan of same patient 
obtained with a germanium detector. 

Currently in operation at the UC Medical Center is 
a 10 X 10-element, high-purity germanium detector 
(Fig. 5) fabricated at LLL. to evaluate the collimator 
design and to prove concept feasibility. Because of its 
energy resolution, the germanium detector is capable 

of spatial resolution unobtainable with sodium iodide 
scintillators (Figs. 1-3). This energy resolution allows 
the rejection of photons scattered either in she body 
or in the collimator; if these photons were used in 
the final image, the resulting picture would resemble 
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Fig. 6. Image of a rat obtained with a 2 X 2*cm, 
I00*clemcnt detector. 

one produced by a strongly defocused camera. Greater 
contrast, and hence better spatial resolution, is also 
achieved due to background rejection resulting from 
scattered radiation. 

Figure 6 is an image of a rat obtained with the 
2 X 2-cm, 100-element detector. The small detector 
was moved over the animal, and the images were then 
arranged in a composite to represent the entire animal. 
From top to bottom, note the facial bones, brain 
cavity, shoulder bones, an indication of individual 
vertabrae, the kidneys, and the pelvic bones. The liver 
contains some of the 9" m Tc pyrophosphate, but there 
is little evidence of scattered radiation from the soft 
tissue. 

Another advantage of energy resolution is the ability 
to use and record two isotopes simultaneously. In 
Fig. 7 are images of a 20-g mouse with a hepatoma 
(liver tumor). The mouse was injected with 6 7 G a 
citrate and 24 h later injected with " m T c sulfur 

Hepatoma + G a Liver + Tc 

Fig. 7. Images of a mouse with a liver tumor. 
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colloid immediately before imaging. Using a 180-kcV 
window for the 6 7 G a , the hepatoma is well-defined 
on the right side of the animal (left side of figure); 
with a 140-keV window (right side of figure), the liver 
shows strong uptake of the sulfur colloid, but the 
tumor area has the characteristic negative defect. The 

Fig. 8 . Single crystal of high-purity germanium. 

0 . L. Lager 
R. I. Lytle 

Abstract 

Electrical methods of remotely monitoring physical 
phenomena occurring in the ground can be used 
successfully for instrumentation in LLL's energy 
programs. Examples are given of a low-frequency 
(four-probe) method, a high-frequency (signal-
attenuation) method, and a general (wave-tilt) method, 
illustrating some of the information obtainable with 
electromagnetic methods of remote probing. 

Introduction 

High-frequency (hf) electrical methods for 
performing geophysical probing were first investigated 
by members cf the EE Department, beginning about 
seven years ago These methods were a departure from 

tail is illuminated as a result of extravasation (i.e., the 
vein was missed) of the injected dose. 

Detector 

The detector shown in Fig. 8 is a 20 X 20 X 8-mm 
single crystal of high-purity germanium grown in 
ERD. Lithium was evaporated through a mask and 
diffused, constituting 10 parallel n + contacts. On the 
opposite face of the crystal, orthogonal to the n + 

contacts, 10 parallel p + contacts of palladium were 
evaporated, yielding 100 detector elements. 

The final system, which is the objective of the 
current R and D program, comprises twelve 3.2 X 3.2 
X 1-cm crystals, each with 1 6 X 1 6 strips or 2S6 de
tector (picture) elemenU arranged in a 3 X 4-crystal 
array, with 3072 detector (picture) elements. This 
123-cm2 area is sufficient to image a mature heart, a 
moderate-size mammary gland, an adult biain in 
sections, and most children's organs. 

Normally, each detector strip would require a 
separate preamplifier to obtain position information; 
however, this system uses a delay-line amplifier. 
Conceived and developed at LBL and LLL, the 
delay-line technique determines the location of the 
event by time differences between an energy (start) 
pulse and the corresponding pulses for the x and y 
delay lines. This technique also has been used with 
great success on a multiwire gas proportional counter, 
also used for imaging. 

the usual geophysical techniques of monitoring 
gravitational anomalies and performing acoustic 
soundings. Experiments were performed in a private 
mine in Arizona, at the NORAD complex inside 
Cheyenne Mountain in Colorado, and in the Wawona 
Tunnel at Yosemite National Park.1 These experiments 
were performed to determine the electrical properties 
of hard rock at high frequencies. This was done by 
propagation through distances up to 300 m (1000 ft) 
for frequencies of 2 to 50 MHz during the Yosemite 
experiment. Experimental and data-analysis techniques 
were then developed for experiments at Lizbcurne, 
Alaska2 to determine the electrical properties of 
permafrost rock. 

In 1974 these techniques were refined and new ones 
developed for a series of experiments at Kemmerer, 
Wyoming3 where the pre- and postshot properties of 
a coal seam were evaluated for the coal gasification 

ELECTRICAL METHODS FOR GEOPHYSICAL PROBING 
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program. Currently, new experimental techniques are 
being developed, along with more sophisticated 
analytical tools for reducing data. A scale-model 
facility is being constructed for performing 
experiments under carefully controlled conditions to 
evaluate the accuracy and sensitivity of both 
measurement and data-reduction techniques. We 
discuss below a very-low-frequency (20-117.) tour-
pmbe technique, a high-frequency (3- to 30-MHz) 
attenuation technique, and a general technique (wave 
til! > In addition, we describe an interesting application 
in which the attenuation technique was used to find 
the permeability of a coal seam to fluids. 

Low-Frequency Probing Technique 

A four-probe configuration which is often used is 
depicted in Fig. 9. Two pairs of metal probes are 
driven into the ground a distance D apart, depending 
on ihe desired depth to he probed. A current source 
is connected to one of the pairs (the transmitter), and 
the voltage induced across the other pair (the receiver) 
is measured. The apparent resistivity is calculated as 
the ratio of the received voltage to the transmitter 
current. 

Both vertical subsurface profiles (i.e., variation with 
depth) and horizontal subsurface profiles (i.e., 
variation with lateral position) u n be determined with 
four-probe techniques. To onduci a vertical 
subsurface profile, the center of the array (see Fig. 9) 
is fixed over the region of interest and the spacing 
D is varied. The larger spacings of D "sac" a deeper 
region than smaller spacings of D. To conduct a 
horizontal profile of a region, a constant spacing D 
is maintained as the ar,iy is moved along the ground. 

An example of the use of the horizontal profile 
technique is demonstrated in Fig. 10, where the 
four-probe array was moved laterally over tue 
suspected location of an old mine shaft. Th? variation 

P" d " I * 
Transmit Receive 

Fig. 9. This configuration for the Tour-pin resistivity 
measurement gives the best slgnal-to-noisc ratio, and 
also easily allov:s large separations between receiver 
and transmitter. The depth probed is a function of 
tilt separation between the transmit and receive 
pairs, D, while resolution and signal strength depend 
on the spacing between the pins. The excitation 
frequency is 20 Hz to avoid polarization of the 
electrodes encountered at DC. 

Posi t ion 

Fig. 10. The four-pin surface measurement technique was 
used to find a cavern caused by earlier tunnel 
mining, The variation in resistivity as the four-pin 
array is moved along the surface is typicil of a void. 
Subsequent drilling revealed a rubble- and 
water-filled cavern. 

of resistivity shows the "signature" typical of a cavern. 
Subsequent drilling revealed a cavern filled with rubble 
and water. 

Four-pin techniques may also be applied below the 
surface by using a pair of drillhole*:, as shown in 
Fig. 1 i. The dipolc-dipole configuration (Fig. 11a) is 
basically the same as the configuration used on the 
surface, except that the relative depths of the receiver 
and the transmitter are varied, rather than the spacing 
between them. The pole-dipole and pole-pole 
configurations (Figs, l i b and l i e ) provide a much 
larger signal than the dipole-dipole configuration. 
Computer studies are under way to determine the 
sensitivities of these configurations to various features 
of the probed region. Figure 12 shows a correlation 
of the dipolj-dipole received voltage with receiver 
depth for experimental measurements on two pairs of 
drillholes at Kemmerer, with a calculation using a 
two-layered theoretical model consisting of a layer of 
coal over a layer of clay. 

The present state of the art for four-probe data 
reduction requires the probed region to be modeled 
rather simply. For instance, one model may consist 
of a spherical or cylindrical cavity in a homogeneous 
medium where the parameters specifying the position, 
size, and electrical properties of the cavern may be 
varied. Another model may describe the region as 
consisting of horizontal layers where the thickness and 
electrical properties of each layer may be varied. A 
new approach using probability potential theory 
(FPT)4 is being pursued, which allows the model to 
consist of many cells where the electrical properties 
of each cell may be varied. Figure 13 shows such a 
model, simulating a burn front propagating through a 
coal seam in a coal gasification experiment, where the 
burn front is being monitored by the four-probe 
technique. 
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Fig. 11. For downhole resistivity there are several promising 
configurations for the electrodes. The dipole-dipole 
arrangement (a) is similar to the configuration used 
on the surface very successfully. The pole-dipoie 
(b) and pole-pole (c) configurations (where an 
electrode is essentially placed at infinity) provide a 
larger signal. 
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Fig. 12. Comparison of four-pin downhole measurements 
with calculations, using a simple theoretical model. 
The experimental data were taken in two pairs of 
drillholes at the Kemmcrcr site. The theoretical 
model assumes that the region consists of a layer 
of coal 24 m (80 ft) thick over a layer of clay. 

Burn front-
Overburden-

R e c e i v e locat ions 

Fig. 13. By using probability potential theory (PPT), coupled 
with the algorithms already in use for the hf probing 
methods, it may be possible to use the four-pin 
surface technique to do such things as monitoring 
the progress of the burn front during coal gasifica
tion. PPT will allow the use of the general multicell 
model shown because computationally, it is con
siderably faster than the standard approaches. 

High-Frequency Probing Technique 

One hf probing technique uses swept-frequency 
transmissions (1 to 50 MHz) between two drillholes, 
one on either side of the region of interest, as shown 
in Fig. 14. This figure depicts the configuration used 
in the Kemmerer experiment, where the holes were 
9 m (30 ft) apart and 30 in (100 ft) deep. The 

transmitter was positioned at 3-m (10-ft) intervals from 
6 to 27 m (20 to 90 ft) deep, while the receiver went 
from 6 to 30 m (20 to 100 ft) deep, also in 3-m 
increments. The paths connecting the transmitter-
re ;eiver locations show the extensive sampling of the 
region. 
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Distance — ft 

30 

Hole 1 
(transmit) 

Air 

Depth — ft 
20 

Coal 
Hole 2 

(receive) 

Fig. 14 . This is the set of transmitter-receiver locations, and the straight-line ray-optic paths connecting them. These paths provided 
an effective hf sampling of the region between two drillholes at the Kemmercr site. 
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The Kemmerer experiment required a sophisticated 
model (consisting of many cells, like the model 
proposed for PPT) to allow the determination of the 
shape and size of the fracture zone. Fortunately, this 
was made possible by taking advantage of recent 
developments in the field of x-ray tomography.5 

Workers in this area had developed algorithms for 
constructing an image of the interior of the human 
brain from a set of x-ray projections. It was possible 
to modify these algorithms, called algebraic 
reconstruction technique (ART), simultaneous iterative 
reconstruction technique (SIRT), and back-projection 
technique (BPT), to determine the parameters for the 
cells of our model. 

Computer studies are under way to improve the 
resolving power, accuracy, and speed of these 
algorithms (and, of course, to develop new ones), with 
the objective of eventually implementing them on a 
minicomputer to build a fleldable system capable of 
performing the data analysis (and controlling the 
data-taking process itself, for that matter) at the site. 

A scale-model facility is being constructed, con
sisting of a tank filled with water, with a movable 
platform to control the locations of the transmit 
and receive probes. This will provide a controlled 
test situation for the hf probing techniques because 
it will be possible to introduce anomalies of known 
size, shape, and electrical parameters. The facility 
will be able to make use of the minicomputer in the 
existing transient antenna range to control data acquisi
tion and perform some of the data analysis. 

A very promising idea proposed during the 
Kemmerer experiment was to use the hf electrical 
method to determine the permeability of the coal to 
fluids.' The basic idea is shown in Fig. 15, where a 
transmitter is located in a hole in which saline water 

Receiver 
array 

•Transmitter 
•Salt water 

Fig. 15. Experiments are proposed with the transmitter in 
the same hole where the water is being pumped, and 
with an array of receivers in a second hole 
monitoring the shape of the growing region of salt 
water. 

is being pumped. Receivers located in the adjacent 
drillholes monitor the growth rate and the shape of 
the expanding region of salt water by measuring the 
change in signal level due to the attenuation through 
the highly conductive salt solution. A feasibility 
experiment of ihis concept, tried at Kemmerer, 
Wyoming, was quite successful. 

A General Technique - Wave Tilt 
Proposals for funding another approach to 

geophysical probing are also being pursued. One 
method is known as the wave-tilt method.6 This 
method utilizes the fact that a wave propagating along 
the surface of a lossy medium must tilt in the direction 
of a propagation in order to satisfy the boundary 
conditions on the fields. The wave tilt is defined as 
the ratio of the horizontal and vertical components 
of the electric field of the propagating wave. 

One use of this method is to determine the thickness 
of the active layer of the permafrost region in Alaska. 
The active layer is the surface layer which thaws during 
the summer and refree:es during me winter. Its 
thickness varies from 1 to 50 m, depending upon the 

( a ) 
Ai r 

e , = 9 o-, = 10 r l 1 K 
e f 2 = 25 o-2 = 10 

ID 
• a 

I 
0.5 1.0 1.5 2.0 

Frequency — MHz 

(b) 

Fig. 16. Wave tilt can easily be used to determine the 
thickness of a layer of tow-conductivity permafrost 
over a region of higher conductivity. Sweeping a 
frequency causes the constructive and destructive 
interference due to the reflection from the lower 
layer to exhibit a definite signature, depending on 
the thickness of the permafrost layer. 
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time of year and location. Knowledge of the thickness 
would be useful for constructing the Alaska pipeline 
because the methods of supporting the pipe depend 
on the thickness of the active layer beneath it. The 
experiment would consist of setting up a transmitter 
to launch a surface wave over the site to be probed 
and then either flying a helicopter or driving a vehicle 
over the site w;th a receiver and a recording apparatus 
to monitor the wave tilt as a function of position and 
frequency. Figure 16 shows how the variation of wave 
tilt with frequency can be used to determine the 
thickness of the active layer at a given position. As 
the frequency is varied, the reflection from the lower 
layer causes constructive and destructive interference, 
which is a function of the thickness of the upper layer, 
so that it is possible to determine the thickness by 
noting the rate of "oscillation" of the wave tilt. 

The wave-tilt method has a significant advantage 
over the four-pin and hf methods because it does not 
require driving pegs or drilling holes in the ground. 
With this method it should be possible to conduct 
preliminary surveys of extremely large areas to indicate 

Abstract 
R ecent advances in subnanosecond pulse generation 

and sampling technology have opened up new 
measurement techniques in electromagnetics (EM). 
Scale-model EM measurements which traditionally 
have been performed on a continuous-wave (cw) basis 
in the frequency domain, may now be obtained 
through transient response measurements in the time 
domain. Measurements have been made which 
demonstrate the utility of the Engineering Research 
Division's transient EM modeling facility. Specific 
applications to nuclear electromagnetic-pulse (EMP) 
problems are cited in this article. 

Introduction 
The role that computer models play in the analysis 

of complex systems problems is steadily gaining 
acceptance, particularly in the field of 
electromagnetics. The successful development of 
complex modeling programs to handle EM antenna and 
scattering problems7'9 is closely tied to an 
understanding of the physical phenomena and is 

places of interest to be examined more closely with 
other techniques. 

General Remarks 
The electrical geophysical probing effort has 

proceeded from an experimental determination of the 
electrical properties of hard rock to the development 
of various techniques, at both low and high fre
quencies, for conducting studies ranging from initial 
site surveys to a detailed probing of a given site. These 
techniques are being improved and new ones are being 
developed by further computer studies and by use of 
the scale-model facility. These techniques satisfy a 
wide variety of instrumentation needs in the various 
energy programs. 

Electrical probing techniques have allowed us to 
make contributions to the energy program during the 
Kemmerer experiment by determining the preshot 
uniformity of the coal, the postshot extent of the 
fracture zone, and the permeability of the coal to 
fluids. 

generally dependent on some sort of code verification. 
For the user to accept a calculation, the computer 
results must be validated. Direct comparison between 
experimental and calculated results is generally the 
most widely accepted validation procedure. With code 
verification as a motivation, a modest experimental EM 
test facility was established at LLL. However, it :vas 
soon discovered that the facility is applicable in many 
more areas than program checkout. 

Test Facility 
The operation of our transient measurement range 

is quite simple. The design follows that of Bennett,10 

in which a long transmit source antenna is driven 
by a vcry-short-duration (300-ps), high-amplitude 
(~1.5-kV) impulse generator. The transmit antenna 
produces a spherical electromagnetic wave which 
propagates outward from the feed region and 
illuminates the receiving antenna or scattering structure 
under test. The illuminating electromagnetic wave 
excites the test structure, producing characteristic, 

TRANSIENT ELECTROMAGNETICS MEASUREMENT FACILITY 
F. J. Deadrick 
E. K. Miller 
J. A. Landt 
H. G. hudson 
R. A. Anderson 
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measurable signals. These signals feed into a wideband 
(~18 GHz) sampling oscilloscope to produce a 
time-history record of the structure's pulse-excited 
transient response. The duration of the sampling 
window extends from the time of arrival of the 
incident pulse until unwanted reflections from the 
walls and ceiling appear at the target (typically, this 
window is 25 ns wide). Time-window sampling 
eliminates the need for an expensive anechoic chamber 
found in cw ranges. All our measurements are 
completed before the unwanted reflections appear in 
the data. Once the transient time-domain response has 
been obtained, frequency-domain information may be 
calculated with the aid of the fast Fourier transform. 

Thus a single transient measurement produces 
wideband magnitude and phase data as a function of 
frequency. 

A diagram of the LLL measurement range is shown 
in Fig. 17. The hardware consists of an 8.5 X 8.5-m 
aluminum ground plane (see Fig. 18), with a 4.3-m 
vertical source antenna. The ground plane acts as an 
EM mirror, producing an equivalent mirror image of 
the structures above it, while allowing space for 
instrumentation beneath it. Targets such as the 
scale-model aircraft in Fig. 19 are "plugged" into the 
ground plane, and the sampling oscilloscope is located 
on the other side of the ground plane "plug" to 
measure the response. 

A/D 
converter 

Calcomp 
x-y plotter 

High-speed 
reader-punch 

D-l 12 Computer 

Data acquisition 
Signal averaging 

FFT 
Control a process 

Fig. 17. Schematic of LLL transient electromagnetics measurement facility. 
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The D ! 12 digital computer* shown in Fig. 17 
controls the operation of the entire experiment, from 
telling the sampling oscilloscope where to take a 
sample to producing a Calcomp plot of the transient 
data and outputting the data on magnetic tape for later 
off-line processing. Each time the impulse generator 
produces a pulse (~-200/s) and the sampling 
oscilloscope takes a sample, the computer is 
interrupted from its background tasks (i.e., plotting 
titles and scales on the Calcomp) and commanded to 
convert the analog output signal from the oscilloscope 
to a digital format. 

Typically, 512 equally spaced time steps are used 
to record the transient response. At each sampling 
point on the time axis, a number of repetitive 
measurements are made and recursively averaged to 
give a smoothed data point. As each analog sample 
from the oscilloscope is converted, it is checked for 
general validity to eliminate rogue data inputs. As soon 
as a smoothed data point has been obtained at a fixed 
time step, the computer sends a signal to the sampling 
oscilloscope to advance to the next time step and start 
the averaging process anew. 

When all the data have been obtained, a data plot 
is made on the Calcomp, and the data are written on 
magnetic tape for additional post-processing on the 
Octopus system. 

Reference to a company or product name does not imply 
approval or recommendation of the product by the University 
of California or the U.S. Energy Research & Development 
Administration to the exclusion of others that may be suitable-

Fig. 18. Ground plane and dals-acquiiition equipment. 

:^UX|JJ 1^^L^J^I|lli.|l|l)IIL|'IMMUMMMtJ rLmu^JiU 

Fig. 19. Scale model connected to ground plane to measure 
nose current. 

Applications 

An important use of our transient modeling facility 
is to provide measurements with which to validate our 
computed results directly. An example of such an 
application is shown in Fig. 20, where the nose current 
on a pipe model of a Boeing 747 aircraft (Fig. 21) 
is compared with a numerical time-domain calculation 
for the same pipe model. As can be seen, the two 
results agree closely, offering confidence that our 
numerical model of the aircraft is valid. In turn, this 
confidence in our computer model allows us to study 
numerically parameters and quantities which might be 
more difficult to measure experimentally, such as the 
bulk current distribution on die aircraft model'' -
a problem of great interest to the EMP community. 

Physical modeling errors may also be easily assessed 
experimentally by testing scale and "computational" 
models. Figure 22 serves to illustrate this by showing 
the nose current for each of the three aircraft models 
in Fig. 21. 

A second example shows how scale-model 
measurements and off-line computer post-processing 
may be combined. The problem modeled is a vertical 
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Fig. 20. Comparison between experimental and calculated 
nose current on a scale-model Boeing 747 aircraft, 
due to an incident plane wave. 
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Fig. 22. Transient responses for each of the aircraft in 
Fig. 21. 

Energy dissipated in load — J 
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Fig. 2 1 . Scale and "computer" models of Boeing 747 
aircraft. 

Antenna length — m 
Fig. 23. Energy dissipated in a resistive load as a function 

of load resistance and antenna length for broadside 
EMP illumination. 

antenna located atop a communications bunker. For 
purposes of EMP protection, it is of interest to know 
the energy dissipated in a load connected to the end 
of the antenna, when the structure is illuminated by 
an incident EMP. To evaluate this problem, a scale 
model was constructed, and measurements were made 
to determine the antenna's input impedance and 
effective height as a function of frequency. The model 

data are then scaled up to represent full-scale 
structures. The range measurements contain sufficient 
information to allow extensive parametric studies of 
resistive loading vs antenna height for EMP 
illumination. Figure 23 shows the energy contours for 
a full-scale structure illuminated by an incident EMP, 
as determined by this simple experimental treatment 
of a rather complex problem. 
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Conclusions 

This experimental facility has been found to be 
extremely helpful in the development of new 
numerical modeling programs. Numerical modeling and 

THOMSON SCATTERING OF LASER LIGHT FROM 

A. L. Peratt 

Abstract 

The incoherent scattering of laser light from an 
electromagnetic plasma forms the basis of a powerful 
diagnostics tool. This article describes an experiment 
designed to extract information about plasma densities, 
temperatures, and magnetic fields in a dynamic pinch 
plasma by means of ruby laser light. In addition, 
techniques involving the heterodyne detection of 
longer wavelength lasers are discussed, providing for 
the diagnostics of plasmas with densities ranging from 
1 0 " cm' 3 through those associated with dense plasma 
focus and with temperatures of a few cV to several 
keV. 

Introduction 

A plasma in a state of uniform thermal equilibrium 
can scatter electromagnetic radiation incoherently — 
this fact forms the basis for a powerful diagnostic tool. 
Incoherent scattering from a volume much greater than 
the cell size of the individual scatterers, often referred 
to as Thomson scattering, can provide a great deal of 
information about a plasma, since the scattering cross 
section is known to be a function of the plasma 
dielectric coefficient. This parameter is determined by 
the basic plasma properties, including density, ion and 
electron temperatures, magnetic fields, and charge 
number. Thus resonances whose positions and strengths 
are determined by these properties are observed in the 
spectra of the scattered light, giving information about 
the plasma locally. 1 2 

In principle, scattering with a laser of suitable 
wavelength, \ , can resolve short-wavelength plasma 

Table 1. Sources for light scattering from plasmas 

Wavelength P"1* I* 1 * 
Source (\,), |im length, n< power, GW 

Ruby 0.694 20 1-2 
CO, 10.6 50 ?. 
HCN 337 20 10"* 

experimentation can often complement each other in 
the total solution of systems problems. These transient 
measurement techniques can be applied to a broad 
spectrum of electromagnetics problems. 

A PLASMA 

waves and fluctuations without perturbing the plasma. 
To maximize the scattered power and still resolve the 
wavelengths of all collective phenomena, Xt should be 
of the order of the plasma Debye length. Table 1 lists 
suitable laser sources for plasmas with densities of 
1 0 1 0 to 1 0 1 8 cm"3 and electron temperatures of a 
few eV to several keV. Figure 24 illustrates a typical 
arrangement for the scattering process. In the visible 
region, photomultiplier tubes are available for the 
detection of the scattered photons, whose number may 
be reduced by a factor of 1 0 1 4 from that associated 
with the laser energy. For longer-wavelength sources, 
the necessary detector sensitivies can be achieved by 
homodyne or heterodyne detection, a technique 
generally used in microwave scattering. One such 
detector presently being used to investigate ion 
acoustic wave modes, in an effort involving the LLL 
Electronics Engineering Department and the 
Max-Planck-Institut fur Plasmaphysik, is shown in 
Fig. 25. Thus, in addition to measurement of the 
microscopic plasma constituents from plasma 
fluctuations, wave growth and damping rates, as related 
to externally induced plasma waves, may be 
investigated. Table 2 illustrates some current 
parameter measurements in laser-plasma scattering 
diagnostics. 

Experiment 

Figure 26 shows the experimental setup used to 
determine plasma densities and temperatures in a 
dynamic pinch plasma. Figure 27 shows the optical 
rail holding the laser, optical telescope, and 

Energy, J Detector 

~I0 Spectrometer, pholomulliplier 
-80 Optical heterodyne 

0.02 Optical heterodyne 
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Power-supply 
cables and 

oscilloscopes-

0.5-m 
Ebert spectrometer 

Vacuum chamber 
Fig, 26 , Schematic diagram of ruby laser scattering experiment. 

spectrometer. The light source is a ruby laser capable 
of producing a single 1- to 10-1 light pulse, 30 ns wide. 
These photons (1 J corresponds to 3.5 X 1 0 1 8 photons 
at 694.3 run) are expanded, collimated, and focused 
to a 0.57-mm diameter within the vacuum chamber, 
as depicted in Figs. 24 and 26. The converging beam 
is captured by a Rayleigh horn attached to the exit 
port. With reference to the diagnostic light path shown 
in Fig. 26, the entrance slit of a 0.5-m Jarrell-Ashe 
spectrometer is focused on the laser beam at the point 
at which information is required about the plasma. The 
spectrometer slit dimensions and the diameter of the 
focused ruby light thus define the scattering volume. 

The wavelength spectra due to fluctuations of 
electrons within the scattering volume is dispersed 
spatially by means of an 1800-line/mm grating, as 
shown in Fig. 26. The spatial information Is then 
focused on a fiber-optic array whose dimensions 
determine a wavelength-intcgmted spectral distribu
tion. Due to the extremely small Thomson scattering 
cross section ( ~ 1 0 ' 2 4 cm*), the number of photons 
available for data recording it approximately 14 
orders of magnitude less than that originally avail

able from the pulsed laser. Light emanating from 
the plasma is fed through the fiber-optic light pipe to 
a bank of 10 photocathode photomultipliers, which 
in turn drive a bank of 10 oscilloscopes. The 

Fig 2 7 . Dugnusucs rail with liter and spectrometer mounts. 
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photomultipliers are isolated from potential noise 
sources such as electrostatic fields and high-frequency 
electromagnetic fields (associated with the large-scale 
transfer of energy from the capacitor banks to the 
preionized plasma) by Mumetal shields and Faraday 
cages. The amplitudes of the film-recorded pulses on 
each of the oscilloscopes thus provides information on 
the scattering profile as a function of wavelength shift 
from 694.3 nm. 

The entire system is calibrated by shining a 
low-power continuous HeNe laser beam through the 
input and diagnostics paths. Finally, calibration of the 
spectrometer slit with the pulsed laser beam and 

calibration of photomultiplier sensitivities is achieved 
by Rayleigh scattering from dry nitrogen (neutral) gas. 
Data Reduction 

Once a local scattering volume has been spatially 
defined by the entrance and diagnostic port locations, 
time-resolved information may be obtained by firing 
the ruby laser at different times relative to the 
initiation of the plasma. 

Information about the plasma properties is obtained 
from the recorded dau by means of the TOMSCAT 
computer code, which is based on a full-wave 
treatment of the incoherent scattering of light from 
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Fig. 28. Scattered spectra vr. wavelength abuut 694.3 nm. Shown arc Bernstein resonances modulating the election feature. 
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an equilibrium plasma in the absence or presence of 

a magnetic Held. The code calculates the 

Doppler-broadened spectrum of scattered light as a 

function of laser wavelength, plasma density, 

temperature, and scattering angle. Collisions, an 

important consideration in studying collective wave 

phenomena, are entered into the spectra profile by 

either a Bhatnager-Gross-Krook or Fokker-PIanck term 

in the usual kinetic equation. Figure 28 depicts the 

scattered light profile for a 2-eV, 4 X 10 1 6 - cm - 3 

plasma with a 10-T (100-kG) field. The laser system 

has been aligned in order to excite electron Bernstein 

resonances as evidenced by the modulation of the 

scattered spectra at harmonics of the cyclotron 

frequency. 

In order to compare directly the calculated spectrum 

to individual oscilloscope recordings of the 

photomultiplier signals, TOMSCAT numerically 

integrates the spectra over the channel widths (either 

0.04 or 0.4 nm for our present systems), determines 

the number of photoclectrons, and converts this 

number into a signal voltage. The background plasma 

light and shot-noise-limited signaj-to-noise ratios are 

also calculated. Figure 29 shows a typical TOMSCAT 

readout based on a data input of optical and electrical 

systems parameters. 

Figure 30 depicts the recorded data from a 2-kJ 

dynamic plasma pinch device, constructed and tested 

by members of the Nuclear Energy Systems Di«ision 

(EE) and Nuclear Explosives Engineering Division 

(ME). This experiment provided information on the 

time-varying behavior of n e and T e in a hostile 

environment during the course of several experiments. 

Shown in Fig. 30 are the results of two "shots," 

occurring 9.8 and 11 >is after plasma preionization. 

For shots prior to 9.8 Ms and after 11 fis, Thomson 

scattering was observed. This behavior is in agreement 

with the A-Division 2-D alternating-direction, implicit 
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magnetohydrodynamic code, ANIMAL. An iteration of 
density and temperature values yields a best fit of 
n c = 5 X 10 1 6 cm"3 and T e = 1 eV for the data 
shown in Fig. 30. 

Various techniques have been used to measure 
densities, temperatures, and magnetic fields in plasmas. 
However, these techniques have limned applicability, 
and often the results are difficult to interpret. Probe 
measurements are unreliable because they contaminate 
the plasma and are also destroyed by the plasma. 
Furthermore, the plasma is disturbed at the point at 
which the measurement is made. Emission 
spectroscopy depends on the radiation from impurity 
ions and requires a contamination of the system. 
Pulsed holography offers possibilities for obtaining 
two- or three-dimensional density profiles, providing 
that the experimental setup is amenable to the 
large-diameter incident beam and that long coherence 
is achieved. Moreover, this method is only able to give 
density information. 

The achievement of this experiment, plus the 
experience and capability obtained by the 
experimental personnel, represents a natural evolution 
of Thomson laser-light scattering from a research tool 
to a basic plasma diagnostics method. In this context 
the methods developed for optical detection of laser 
light in a hostile environment make Thomson 
scattering a prime candidate for Site 300 diagnostics 
techniques. 

Finally, although mathematical considerations 
require that the plasma be in thermal equilibrium, this 
lequirement is unnecessary for the physical detection 
of Doppler-broadened light. Presently, the theory is 
being expanded to include the anisotropy of 
nonequilibrium plasmas. 

SILICON DETECTOR SYSTEM FOR X-RAY PULSE CALORIMETRY 
OF LASER-PRODUCED PLASMAS 

J. H. McQuaid 
C. E. Violet* 
J. Petruzzit 

Abstract 
A new type of calorimeter has been developed for 

measuring x-ray yields from laser-produced plasma. 
The calorimeter, which consists of silicon detector, a 
charge-sensitive preamplifier, and an analog-to-digital 
readout scheme, can take signals from a number of 
detector outputs simultaneously. 

X rays interacting with the detector produce 
hole-electron pairs in proportion to the total energy 
lost in the detector (~10 1 2 eV). In this application, 
the detector can be characterized as a solid-state 

Y Division. 
^E Division. 

ionization chamber. The detector signal is fed to a 
charge-sensitive preamplifier which generates a voltage 
pulse proportional to the x-ray energy absorbed. In 
this way the x-ray energy is measured by "direct 
conversion," rather than by temperature rise due to 
an energy flux. 

Introduction 
A newly designed x-ray calorimetry system has been 

used to measure the x-ray fluence associated with 
laser-produced plasmas.13 These measurements are 
part of the diagnostics for LLL's laser-fusion program, 
laser energies ranged from 1 to 50 J, dissipating 
—lO1 4 W/cm2 in a ~100-Mm-diam target. Prompt x 
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rays, with a total energy of ~ 1 0 1 2 eV/cm 2 , were 
generated in 0.1 to 4 ns. Discrete x-ray energies vary, 
depending on the target material. 

A typical spectrum for a polyethylene target (see 
Fig. 31) shows flux intensity per unit x-ray energy as 
a function of x-ray energy. 1 4 The detector must 
respond to tills spectrum of soft x rays and be 
essentially immune to the high-intensity light irradiated 
from the target. The light falling on the detector is 
~ 1 0 4 W/cm 2. 

This system has the following advantages over a 
conventional calorimeter: 

• Greater dynamic range - energy fluxes from 
10" 1 1 to 10' 5 cal/cm 2 are easily measured. 

• Results are obtained instantaneously, in contrast 
with temperature-rise measurements in a 
thermopile. 

• Silicon solid-state detectors do not experience a 
reduction in recombination time with increasing 
charge density, and the resultant saturation 
effects, as do ionization chambers. 

• Calibration to approximately 5% is easily 
accomplished. 

• Small detector size allows a large array of 
detectors to be placed within a small target 
chamber. 

> 

> 

Fig. 31. X-ray spectrum for a CH2 target. 
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System Description 
A block diagram of the x-ray detection and 

data-readout system is shown in Fig. 32. The signal 
from each detector in an array is fed to a separate 
preamplifier, which produces a pulse proportional to 
the energy lost in the detector. The output of each 
preamplifier is fed directly to a multiplexer, which in 
turn sends pulse-height information sequentially to an 
analog-to-digital converter. Upon conversion, a ready 
signal allows the multiplexer to advance to the next 
input. When all inputs have been scanned, the data 
can be read out visually, printed, or fed to a computer 
for further processing. 

Detector 
The detector presently being used (see Fig. 33) is 

made of p-type silicon and has a 25-mm2 aluminum 
entrance window, 40 jug/cm2 thick. The aluminum 
su.face adds strength to the detector and provides a 
window which can be touched, cleaned, or 
decontaminated. The outstanding feature of this 
surface-barrier detector is its sensitivity to low-energy 
x rays (~300 eV) and very low absorptivity of the 
intense light from the laser target. 

The low-energy cutoff is calculated from known 
cross sections for aluminum; the resultant x-ray 
transmission data are plotted in Fig. 34. Considering 
37% transmission in aluminum (mean free path), 
40 ug/cm2 gives an energy of 300 eV. At present, we 
are investigating the use of thinner aluminum windows 
to enable examination of the x-ray spectrum down to 
about 100 eV. 

The interaction of prompt x rays within the detector 
yields a high charge density. In such a highly ionized 
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Fig. 34. Transmission of x rays in aluminum. 

region the electrical field is essentially short-circuited, 
and the total charge is collected over a relatively long 
time. This effect, known as plasma time (see 
Fig. 3 5 ) , 1 5 ' 1 6 may last as long as 30 us. Plasma time 
is not detrimental as long as significant recombination 
of charge carriers does not take place during this time. 

High-purity germanium and mercuric iodide are two 
detector material; which would allow calorimetric 

Fig. 33. Silicon surface-banier detector. 
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Fig. 35. Detector plasma time. 
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measurements to higher energies. The disadvantage of 
germanium is that it must be cooled, necessitating a 
liquid-nitrogen crysostat which would be expensive and 
impractical for a detector array. Mercuric iodide bulk 
detectors, which are small but highly efficient, would 
be useful as calorimeters for x-ray energies up to 
50 keV. 

Preamplifier 

Several considerations, involving preamplifier design, 
are necessary to make accurate x-ray measurements. 
One of the most important requirements is the 
preamplifier's capability to handle long rise times 
(20-30 (is) due to detector plasma effects. Therefore, 
to ensure complete charge collection, the feedback 
time constant is made much greater than 30 /us. 

The preamplifier's low sensitivity, ~1 /jV/MeV, 
allows the preamplifier to respond to very large input 
signals (~5 X 10"7 C). The preamplifier is linear to 
-15 V output, which corresponds to an x-ray flux of 
1.5 X 10 1 3 eV. 

Conclusions 
The sensitivity and lighttight properties of these 

detectors enable their use in a variety of applications. 
These detectors have been used for alpha counting and 
gamma dose-rate measurements where sunlight and 
hostile environments do not affect their performance. 

For further details on the use of these detectors for 
x-ray calorimetry, please refer to the complete paper 
presented at the Denver X-Ray Conference, 
August 1974.1 7 

LSI DEVELOPMENT FOR MICROCOMPUTER APPLICATION 
TO WEAPON CONTROL ' -
T. Huen 

Abstract 
The concept of the secure PAL (permissive-action 

link) system has been proposed for the control of 
nuclear weapons. Essential to the successful application 
of this system is the design of a miniature, all-LSI 
(large-scale-integration), secure PAL coded switch 
(SPCS). Two prototypes have been constructed to 
demonstrate the feasibility of a coded switch that 
occupies a volume of less than 0.5 cm 3. Engineering 
development work on this system since 1972 is 
discussed, as is current activity. 

Introduction 
Nuclear weapon design is benefitting from a recent 

advance in the electronics industry — the LSI 
integrated circuit. Coded switches for weapons-control 
applications, incorporating LSI technology, can now 
be made smaller, cheaper, more reliable, and 
functionally more versatile. 

LSI technology features a very large quantity of 
electronic circuitry, contained in an exceedingly small 
package. LSI integrated circuits are made in the form 
of rectangular silicon dies, about 4 mm on a side and 
0.5 mm thick. An entire complex logic circuit of up 
to 5000 transistors can be located on the top face of 
the die. 

The advantages of LSI have been widely used for 
new commercial products that are now 
commonplace — e.g., pocket calculators, electronic 
watches, and the LSI microcomputer. As a bonus, a 
revolutionary logic design concept was introduced with 

the LSI microcomputer, in which a desired system 
logic is incorporated in the microcomputer's 
instruction program. 

LLL's Electronics Department has supported 
weapon-program interest in LSI coded-switch 
development since 1968, resulting in a tenfold decrease 
in the size of these switches. Further, coded-switch 
architecture has been changed radically with the 
introduction of the LSI microcomputer 
"building-block" concept, allowing hardware to be 
developed independently of specific functional 
requirements and providing adaptability to changing 
needs and future concepts. 

In LSI coded-switch development work at LLL, two 
prototypes of the Secure PAL Code Switch (SPCS) 
have been constructed to demonstrate the feasibility 
of a switch that occupies less than 0.5 cm3. Figure 36 
shows the first aU-LSI-chip model, the SPCS-I; five 
chips are mounted on a ceramic substrate 25 mm long 
X 4.7 mm wide. The chips are interconnected by 
25-um gold wires bonded between the pads on the 
chips and by 100-/im-wide conductors plated on the 
ceramic substrate. 

We will briefly introduce the elements of an SPCS, 
discuss current development effort on a weaponizable 
model, and describe our in-house activities in LSI 
circuit design. 

Elements of a Secure PAL Coded Switch 
Figure 37 shows the block diagram of a 

microcomputer-architecture SPCS, composed of: 
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Fig. 36. SPCS-I, the first all-LSI-chip model. 

• A central processing unit. 
• Program memory, usually residing in read-only 

memory chips. 
• Data memory, residing in random-access 

memories. 
• Input/output buffering between the coded-switch 

controller and the lock/unlock device. 
The unique feature of this switch resides in the set 
of program instructions permanently stored in the 
random-access memories. The SPCS program interacts 
with the input data from the external coded-switch 
controller and performs all the required functions. 

The basic functions performed by the SPCS include: 
• Ability to recognize six binary codes which are 

input from the controller. 
• Ability to compare any code entered with stored 

codes. 
• Inhibitabttity of five out of six codes, once they 

have been used as input to the SPCS. 
• Ability of the output driver to perform the 

locking and unlocking actions. 
• AbiUty to recode any one or all six codes under 

proper command. 
In addition to the above capabilities, the SPCS must 
be passive, without requiring electrical power during 
a weapon's storage life, and it must be compatible with 
existing field controllers. 

Feasibility Prototypes 
The major goal of prototype work that began in 

1972 was to demonstrate that the required SPCS logic 
functions could be packaged in 0.5 cm3 or less. This 
objective has been attained with the design and 
construction of two prototypes, the SPCS-I and 
SPCS-V. 

The SPCS-I, as shown in Fig. 36, consists of four 
microcomputer LSI chips, plus one custom-designed, 
input/output data buffer chip, the largest one shown 
in the photograph. From left to right, the different 
chips are: 

No. 
Dimensions, 

mm 

Microcomputer 

1 Central processing unit 3.0 x 4.0 
2 Read-only memory 2.6 X 4.0 
3 Random-access memory 2.9 x 3.5 
4 Random-access memory 2.9 x 3.5 
5 Input/output data buffer 4.6 x 4.8 

Controller 

Lock/unlock 
device 

I/O - CPU 

Program 
memory 
(ROM) 

Data 
memory 
(RAM) 

Fig. 37. Block diagram of a typical Secure PAL Coded 
Switch system. 

A "discrete" logic prototype was constructed to test 
initial concepts and proper functioning of the program. 
Hard-wired transistor-transistor logic (TTL) was used 
throughout, resulting in 24 cards (7.6 X 11.5 cm) of 
TTL integrated-circuit logic, with eight packs per card. 
In contrast with the 0.5-cm3 LSI version of the 
input/output data buffer, the cards required a volume 
of 1600 cm 3. 

The SPCS-1 lacks the ability to retain permanent 
code storage. The six 20-bit codes entered were routed 
to the random-access memory chips and stored only 
as long as electrical power was supplied to the SPCS-I. 

To eliminate the need for continually applied power, 
a new breadboard model, the SPCS-V, was designed 
with a nonvolatile semiconductor memory for code 
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storage. The transistors that perform the storage are 
constructed with metal-nitride-oxide-silicon (MNOS) 
technology. The storage mechanism involves trapping 
positive charges at the nitride-oxide interface. With the 
assumption that no power is applied, an extrapolated 
charge-retention time of as long as 20 years has been 
calculated. The MNOS memory is electrically erasable 
and can be rewritten with new data with appropriate 
applications of high gate voltages. 

Current LSI Circuit Development for SPCS-VH 
Near the end of the S"CS-V development, two areas 

remained under investigation. An LSI memory 
interface had to be designed which would provide the 
high-voltage drive signals. With a new component chip 
in the system, the program had to be revised. The 
second task involved the compatibility of the SPCS 
with the existing military PAL controller which, among 
other features, delivers output data bits to assure 
transmission reliability. 

To design high-voltage MOS LSI circuits, 
unorthodox techniques have to be used. Adoption of 
new circuits always requires development of new 
design rules, circuit simulations, processing variations, 
and other data. The combination of several factors lias 
enabled us to design LSI circuitry at LLL: our 
capability to use aluminum-gate, p-channel 
metal-oxide-silicon (PMOS) technology to fabricate 
functional input/output chips; the availability of the 

MOS TIME-RESOLVED RADIATION DETECTORS — 

J. W. Balch 

C. McConaghy 

Abstract 
Time-resolved radiation detectors, incorporating 

metal-ovide-semiconductor (MOS) transistors as both 
detectors and nonvolatile memory, have been 
developed at LLL for detecting low-energy x rays, 
electrons, and protons. These detectors, which rely 
upon the semipermanent radiation effects of ionizing 
radiation on MOS transistors, are capable of detecting 
single pulse irradiations with 1-ns time resolutions. 
Their nonvolatile memory is very useful for recovering 
data after the noise of pulsed radiation environments 
has subsided. Development of these detectors required 
the fabrication of a custom MOS transistor array with 
an extremely high breakdown voltage. 

Introduction 
Ionizing radiation produces semipermanent changes 

in the electrical properties of MOS devices such as MOS 

double-diffusion metal-oxide-silicon (DMOS) technique 
for the design of high-voltage MOS transistors; and our 
access to an "interactive graphic design system," a 
design tool now being used to lay out the logic circuit 
of the memory interface driver. 

Future Applications 
The successful design and processing of DMOS 

technology provides a basis for many new applications. 
As already mentioned, the DMOS memory interface 
driver chip will be able to couple the use of nonvolatile 
MNOS menu., to a microcomputer. The entire system 
will be in integrated form. This is a feat yet to be 
achieved by the semiconductor industry. An obvious 
feature of this type of system is the insensitivity to 
power interruptions where data may be lost. 

DMOS technology is also capable of making logic 
gates which are operable at high voltages. The 
availability of a logic family of components which can 
operate at 200 to 300 V will stir the imagination of 
system designers. In military and industrial sectors, 
where immunity of the circuit to high noise is 
paramount, such a logic family will be welcome. 

Finally, the ability to operate at high voltages 
affords freedom to interface a microcomputer or 
computer with many peripheral devices. Piezoelectric 
transducers and many electroluminescent display 
devices, which require high voltages for their operation, 
could be simply coupled. 

field-effect transistors (MOSFET's).18 By monitoring 
the changes of suitable electrical properties, these 
devices provide convenient radiation dosimeters for 
low-energy x rays and other forms of ionizing 
radiation, such as electrons and protons. 1 9 , 2 0 These 
dosimeters offer: 

• Electrical readout of the incident radiation dose. 
• Sensitivity to x-ray energies as low as 200 eV. 
• Permanent nonvolatile memory of the radiation. 
• Dose dynamic range of up to 106 rads. 
• Time response of 1 ns or less. 
Although other detectors might have permanent 

memories (e.g., thermoluminescent dosimeters), 
low-energy capability (e.g., PIN diodes), or some of 
the other features, we believe that the MOS dciector 
is unique in combining all of the above features in 
one detector. 

These devices can be used singly as time-integrating 
radiation dosimeters,19 or a series of identical devices 
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properly biased can be used as a time-resolved radiation 
detector.-^ Below we di scribe a very fast timc-vesolved 
radiation detector of single-pulse irradiations, which 
incorporates arrays of MOS transistors. Tliis system is 
capable of time resolutions of ~ 1 nsandhasbeenused 
for time-resolved detection of 10- to S0-ns-widc pulses 
of x rays and electrons. 

Radiation Effects on MOS Devices 
The two dominant mechanisms for energy 

deposition in a semiconductor device upon exposure 
to high-energy radiation are atomic collisions and 
electronic ionization. Atomic collisions occur 
principally during fast-neutron irradiation and result in 
lattice displacement. Electronic ionization creates 
electron-hole pairs in materials and occurs principally 

during gamma-ray. x-ray. electron, and proton 
irradiations. 

Permanent radiation damage in MOS devices is 
primarily due to ionizing radiation. Figure 38 
illustrates this effect for a p-ehannel MOSFUT. As 
shown here, a conventional silicon MOSFET consists 
of a thin layer of silicon dioxide insulator sandwiched 
between a metal gate and the silicon semiconductor 
substrate. Normal electrical conduction occurs between 
the two contacts on the silicon surface when a negative 
gale voltage induces an electrically conductive channel 
of holes at the surface. Upon exposure to ionizing 
radiation, significant positive-charge buildup occurs in 
the silicon dioxide insulator because its amorphous 
structure has many traps for capturing positively 
charged holes created during the ionization process. 

+10 V ^Incident x rays 
+20' 

Q 

SiO- (quartz) 
(400 nm thick) 

TZZ2ZZ 
n-type silicon 

VTTV 
Fig. 3 8 . Cross-sectional view of a meial-oxidc-snmiconductor (MOS) transistor, showing Ihc buildup of positive charge in Ihc 

SiO, when the device is exposed to ionizing radiation. 
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This net positive-charge storage in (he dielectric 
electrostatically affects the electrical v-urrenl 
conduction that takes place under the dielectric at the 
silicon surface during operation of the transistor. 

Figure 39 shows the effect of this trapped positive 
charge on the drain a t t t tn t VJ gate voltage 
characteristic of a p-channei MOSFET after exposure 
to ion(?ing radiation. This shift in the MOSFETs 
"turn-on" curve 1$ semipermanent and a n be observed 
for several weeks after irradiation; the curve is 
characterized by the gate electrode voltage at which 
current begins to flow between the source and drain 
electrodes. Tills voltage, called Ihe threshold voltage. 
increases linearly with the amount of positive charge 
trapped in the dielectric due to exposure to ionizing 
radiation. For MOS transistors the net amount of 
positive-charge trapping is proportional to the intensity 
of the absorbed radiation (i.e.. dose in tads) and to 
the gate voltage applied across the dielectric during 
exposure to ionUing radiation. 

The threshold voltage, which is approximately 
linearly proportional to the absorbed dose for 
exposures up to ~ I 0 J rads, is an increasing function 
of the amount of gate voltage applied across the oxide 
during irradiation. At seen in Fig. 40 . the device is 
relatively insensitive to ionizing radiation for exposures 
at zero gale voltage, but its threshold voltage rapidly 
increases for exposures with positive gate voltages. 
Because of the latter effect, ihs MOSFET is a 
dosimeter that can be turned on and off to ionizing 
radiation by applying or omitting a gate voltage during 
irradiation- This behavior is the basis of ihe MOS 
lime-resolved radiation detector. 
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fi%. 39 . SewtptoMMnt shift of i MOSFKTt "Imn-on" 
tunc due to upojur* it) fcwtbing ndliSon. 

threshold voltage of the MQSFETs after irradiation. 
The electronics to read these %'aitages consists of a gate 
tamp geneiaio? ssU an ossslteiesps connected to ihe 
drain. 

These detectors have been used to measure pulses 
of electrons and x rays front laboratory tources and 
to measure x rays from underground nuclear 
explosions at the Nevada Test Site. The responses of 
an MOS time-resolved detector and a Faraday cup lo 

MOS Timc-Ratalted Detector 

A detector system capable of giving temporal 
information about the spectra from single-pulse 
radiation sources with 1-ns resolution has been 
constructed using 20 MOS transistors, fabricated on 
a single chip (see Fi$. 4 1 ) . Fabrication with all of the 
transistors on a single chip ensures their uniform 
radiation sensitivity, small area and hence behavior like 
a spatial point detector, and convenient replacement. 

Figure 42 shows the basic principle of time-resolved 
detection. Sequential gate-voltage strobing is applied 
to she MOSFET gates so that each transistor on the 
chip records the lime integral o f ihe radiation pulse 
from the instant it is positive-biased until radiation 
ceases. The time interval between adjacent channels 
Axes the lime resolution o f the detector system. The 
bias is applied to the MOSFET's via a tapped 
transmission lins with either a single triggered pulse 
or a continuous square wave propagating down ihe 
line. The radiation-induced charge in each of the 
20 MOSFET's is measured by observing the change in 

0 . 4 

f 
! 

R a d i a t i o n b i a s — V 

Fig. 40 . Dependence of i MOSFET'e threshold valugc ihitl 
on its gate voluge during cuposure to lonlang 
tadiition. OsMt thickness, 40!) nm: ndlsuon tote. 
-1000 nds. 
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pulsed electron radiation from a laboratory source are 
compared in Fig. 43. The two curves are not exactly 
identical because the MOS detector discriminates 
between different electron energies in the pulse much 
more than does the Faraday cup. However, the overall 
pulse shapes, rise times, and pulse widths appear to 
agree well. The time resolution of this detector was 
S ns. In 1-ns experiments the detector's response was 
distorted because the strobe-pulse rise time degraded 
as it propagated down the tapped delay line. 
Improvements in making the delay line should improve 
the detector's response with 1-ns time resolution. 

Fig. 41 . Photomicrograph of an array of 20 MOS transistors 
used for time-resolved detection. Chip srce, 4.6 
X 4.8 mm. 

Radiation pulse 
t 

Gate 
voltages 

MOSFET 
1 

N+) 

Fig. 42. Principle of time-resolved detection using sequentially strobed MOSPET's. 
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Fig. 43. Response of an MOS time-icsolvcd detector (plotted 
curve) and i Faraday cup {cscUUftecpe iiaccj io a 
pulse from an electron-beam generator. 

For experiments at NTS several changes were made 
in the detectors used for laboratory experiments. 
Instead of monitoring the turn-on voltage curves with 

an oscilloscope and fii.n, the data were digitized and 
recorded on tape with the Nevada Automated Data 
System (NADS). Certain precautions were taken to 
obtain reliable data in the nuclear test environment. 
The high electromagnetic pulse (EMP) and induced 
electromagnetic pulse (IEMP) associated with this type 
of x-ray measurement can give i.'se to transient voltages 
sufficient to break down the exide and render the 
MOSFET readout operation useltss. Electromagnetic 
shielding was used to minimize the* chance of oxide 
breakdown; thick (400-nm) oxide MOSFET's with 
breakdown voltages greater than 200 V were used; and 
gates and drains were protected with diodes to hold 
possible induced-voltage spikes at an acceptable ievel. 

All except one of the six detector arrays fMded on 
the NTS experiment read out properly. Future work 
will include integrating readout and strobe electronics 
to simplify fielding requirements. Integrated 
electronics will provide a smaller package, thus 
reducing the cross-sectional area of the radiation and 
the electromagnetic field to which the detector and 
associated electronics are subjected. 

In addition to MOSFET's, a new class of devices 
known as charge-coupled devices is being fabricated at 
LLL. These devices involve the same technology as 
MOSFET's and hold great promise for many 
applications, including nanosecond radiation imaging in 
a compact, inexpensive package, transient digitization, 
and other analog and digital memory applications. 

INTEGRATED HARDWARE/SOFTWARE SYSTEM FOR MULTIACTUATOR 
SHAKER CONTROL = 
F. W. HoUoway 

Abstract 

Multiple-actuator shakers, which are flat tables 
supported by vertically operating hydraulic actuators, 
are used for the shock and vibration testing of large 
structures. Analog systems have not been able to 
control these shakers, particularly at resonant 
frequencies. The development of a system for 
direct-digital control (DDC) of a large multiactuator 
hydraulic shaker is described in this article. An 
integrated hardware and software system design was 
needed to meet the speed, dynamic range, and 
accuracy requirements of the control system. 

Introduction 

When resonances are excited in a rigid test package 
mounted on a multiactuator shaker, substantial 
interactuator forces can be generated. This interaction, 
called dynamic cross-coupling, generally leads to 

deviations from the vibration test specification and 
often to control instability. 

Shaker control has gone through a long evolutionary 
process in the analog domain. The problem of 
controlling multiactuator shakers, where severe 
cross-coupling situations arise, has not been solved in 
a practical manner with analog instrumentation 
because of the complexity of the required networks 
and the time-variant test conditions. 

More recently, direct-digital control (DDC) has been 
applied to single-actuator shaker control. In DDC 
systems a digital computer is used to close the 
feedback loop. 

During the past three years a design team composed 
of Electronics and Mechanical Engineering Department 
personnel has achieved the successful design, 
development, and operation of a DDC system to 
control the four-actuator, 100,000-lb shaker at 
Site 300 (see Fig. 44). This shaker is operable over 
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Fig. 44. Multiplc-aciuiior clccuohyilnuUc ihikcr system. 

a frequency range of 0 to 500 Hz, with 2-in. positive 
and negative displacements. Three modes of testing arc 
provided - sinusoidal, shock, and vibration. 

A by-product of this project is the formalization of 
a design philosophy 2' leading to the most 
cost-effective process-control system possible. The 
approach relies heavily on general-purpose computers 
for hardware and software simulation and 
development, as well as documentation. It is highly 
iterative, involving both serial and parallel sequences 
of events. Each step in the design/development 
procedure is described in detail, proceeding from the 
conceptual stages, where objectives are defined and the 
process to be controlled is analyzed, through system 
design, hardware and software development, final 
checkout, and documentation. 

System Design 

Control of the multiactuator shaker posed a number 
of theoretical problems which were studied 
mathematically and modeled on a large computer 
system. 2 2 Experiments were conducted to verify that 
the model adequately represented the shaker, and 
various control schemes were simulated to represent 
possible DDC programs. 

On the basis of these simulations, an integrated 
design of a hardware/software system with a practical 
DDC program led to the purchase of a general-purpose 
computer system and the development of several 
special-purpose peripheral devices. 

Resulting Shaker-Control System 

A diagram of the resulting control system is shown 
in Fig. 45; the double lines represent multiple parallel 
data paths. A mathematical model of the shaker was 

implemented on an analog computer as an on-line 
simulator foi hardware and software development 
purposes. 

The simulated and actual shaker systems lie on 
parallel paths, with the selection of either system 
controlled by a single parameter in a high-level call 
to a handler. Except foi some static scale factors, the 
simulation can be programmed to behave the same as 
the real process. Moreover, because the simulation is 
implemented tin a general-purpose analog computer, it 
can also be programmed to simulate system 
characteristics representing worst-case control 
silfitions (e.g., gross nonlinsarilics, sharp resonances, 
and severe cross-coupling) or even control problems of 
future systems. 

The computer system was purchased from a single 
manufacturer on the basis of efficient software 
development and application to the control task. The 
purchase included a 16-bit central processing unit 
(CI'U) with 65,536 words of core memory and 
floating-point hardware, moving-head disk, magnetic 
tape, cathode-ray tube, keyboard for interactive 
operator communications and graphics, electrostatic 
printer/plotter, card reader, and paper-tape equipment. 
The computer system is completely supported with a 
real-time operating system and an extended 
FORTRAN language. 

Special Peripheral Devices 

One of the basic decisions in the total system design 
involved the choice of hardware and software to 
implement the sienai-generation and data-analysis 
functions. The system simulation indicated that the 
optimum control loop time was ~30 ms. Knowledge 
of minicomputer capabilities, combined with a size 
estimate for the control algorithm, indicated that every 
effort had to be made to unburden the CPU. As a 
result, several special peripheral devices were designed 
and built to operate with the CPU and to perform 
the command-generation and data-analysis functions. 

The command-generation hardware provides 
independent commands to each actuator. Frequency, 
wave shape, amplitude, and phase can all be accurately, 
dynamically, and smoothly controlled over wide ranges 
from tits software. 

The data-analysis hardware measures a numb!? of 
parallel feedback signals from the shaker and test 
package. Using very-high-speed arithmetic units, it 
calculates the real (coherent) and imaginary 
(quadrature) parts of the fundamental-frequency 
component, as well as the peak level reached, for each 
shaker cycle or multiple of a cycle. Multiplication and 
integration are accomplished with a 24-bit parallel 
gating network with a 200-ns settling time. 
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A fast Fourier-transform ( F I T ) unit with a 
sophisticated interface lias recently been added to die 
system. The FFT allows more rapid control 
calculations for random vibration testing than is 
possible with software fast Fourier transforms. The 
interface is capable or lloaliiig-poiM/inlcgcr/flualing-
point conversions at memory transfer rates, on arrays 
of dala being transferred between the CPU and the 
P I T . 

The opcralor's control siaiion includes both a 
catlmde-ray-tubc terminal and a dedicated control 
console. The console was designed to provide functions 
familiar to the operator, but which could not be easily 
supplied by a terminal device (e.g.. status-condition 
display lights, pushbuttons lo alter test programs in 
progress, and attenuators to permit continuous 
variation of selected parameters). All of the 
operator-console functions arc under software control. 

Test pocttoge 

Commend 
generation 

Filter 
and 
gain 

Direct 

Real-t ime, mult i -
rask, disk-based 
operating system 
with extended 
FORTRAN IV 

Analog computer 
I shak simulating shaker 

Monitor 
various points 

Coherent 

Quadrature 

K Peak 

Direct 

M O D C o m p I l I 
computer 

(Floating-point, 
64 K memory) 

Programming 
peripherals: 

Disk 
Magnetic tape 
Card reader 
Paper tape 
Teletype 

Operator's control 
station 

Fig. 45 . Multiactuator hydraulic shaker control system. 
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and each control varies in exact definition from one 
testing application to another. Color-coded, 
interchangeable legend panels were provided foi the 
various types of testing. 

Software-Checkable Hardware 

User-developed hardware for process-control systems 
is usually one of a kind, and the major costs are related 
to manpower rather than hardware expenses. To 
minimize total development costs, our design goal was 
to provide hardware which was easy to understand, 
obtain, develop, use, and maintain, as well as to imparl 
considerable flexibility to the system and the- sinker 
operation, even at the expense of addition?.! hardware 
costs. 

Because of the multichannel nature of this system, 
there are several parallel paths of identical functional 
units which can be compared for diagnostic purposes. 
In addition, to meet the above design goals, 
software-checkable hardware was provided, enabling 
the computer to drive, monitor, and compare these 
parallel paths, as well as the individual functional 
digital and analog units of the paths, with each other 
and against specifications coded in the software. An 
example of the software-checkable capability is the 
direct path from the command-generation hardware to 
the data-analysis hardware (see Fig. 45), allowing 
accurate analysis of the end-to-end hardware 
conditions. 

This technique adds to the complexity of the system 
interconnection, but with the large number of 
functional blocks involved, it has proved to be 
worthwhile in reducing checkout and diagnostic effort. 

Multipurpose Handlers 

Handler subroutines were written in assembly 
language to communicate between the computer and 
the special peripheral devices and to provide all 
functions required by both the application software 
and the diagnostic software. 

Two configurations for the interrelationships among 
the application software, the diagnostic software, the 
handler, and the hardware are shown in Fig. 46. In 
the commonly used implementation scheme, there is 
direct communication between the assembly-language 
diagnostic program and the hardware, while the 
application program communicates through the 
handler. In the integrated scheme, both application and 
diagnostic high-level software run under the operating 
system and use th- handler. This scheme offers the 
advantage that the diagnostic routines provide a check 
on the operating-system/handler/hardware integration, 
not just the hardware. In addition, the application 

software can easily make use of the diagnostic software 
as a pretest to determine system condition. 

High-Level Diagnostic Software 

The diagnostic software for the special peripheral 
devices was developed in parallel with the hardware 
to insure practical implementation, particularly of the 
software-checkable features of the hardware, and to 
provide a complete printed document of system 
performance as an aid at each stage of the checkout 
process. The same diagnostic software is now used for 
ivaintenar.ee operations. 

The software was written using the same high-level 
language calls as the application software, resulting in 
hardware and handlers which integrated well with the 
application software, and in diagnostic programs that 
can cusi.'y tcs! the hardware and handlers under 
conditions closely resembling actual use. 

Conclusions 

Today many systems arc implemented sequentially 
in hardware and then in software to meet desired 
applications. The success of this projt-t has shown the 
value of parallel integrated hardware/software design. 
This approach has resulted in a successful, reliable, and 
easily maintained direct-digital control system for a 
multiactuator shaker. 

Application 
program Handler 

Operating sysrei I? J 
Diagnostic 

program 

Hardware 

(a ) Commonly used implementation scheme 

Application 
program 

I 
Diagnostic 
program 

/ 

Handler Hardware 

Operating 
system 

(b) Integrated scheme 
Fig. 4 6 . Interrelationships among application software, 

diagnostic software, handler, and hardware. 
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