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AN IMAGING INSTRUMENT FOR POSITRON EMITTING HEAVY ION BEAM INJECTION* 
Jorge Llacer, Aloke Chatterjee, Horace C. Jackson, 

Jaff C. Lin and Maria V. Zunzunegui 

Abstract 

The design and performance of an ·instrument for 
the imaging of coincidence annihilation gamma rays 
emitted from the end point of the trajectories of 
radioactive high-energy heavy ions is described. 
The positron-emitting heavy ions are the result of 
nuc·lear fragmentation of accelerated heavy ions used 
in cancer theraphy or diagnostic medicine. The instru
ment constructed is capable of locating the ion beam 
trajectory end point within 1 mm for an injected acti
vity of 200 nanoC'i in a measurement time of' 1 sec. ·in 
some favorable conditions. Limited imaging in three 
dimensions is also demonstrated. 

Introduction 

Charged particles with atomic numbers as high as 
26 (Iron) are now being accelerated in a compound 
accelerator called the Bevalac at the Lawrence 
Berkeley Laboratory (LBL). 1 The energies of these 
particles can be varied to a maximum value of 3 to 4 
geV/nucleon. Because of their favorable depth-dose 
characteristics and increased biological efficiency, 
these particles will be used in rad·iation therapy. 2 

In v·iew of this therapeutic goal, many studies are 
now being directed at the understanding of the bio
logical effects of these heavy charged particles at 
the cellular and molecular levels. 

In addition to therapy, heavy ions are expected 
to find many useful applications in diagnostic 
procedures. Already, these particles have been used 
in radiography for localizing tumors. The results 
are far better than can be achieved with x-rays. 3 

Although direct acceleration of radioactive 
particles is not possible in the Bevalac, a steady 
flux of radioactive beams has been produced through 
the phenomenon of autoactivation (a physical process 
in which the projectile particles undergo nuclear 
fragmentation when they collide with target nuclei). 
The cross section for the process of autoactivation 
is large enough to produce such beams with adequate 
intensities. With the help of proper detection 
devices, these radioactive particles should allow 
the development of important new diagnostic procedures 
hitherto impossible. 

At present, we are mostly interested in those 
fragments that decay by positron emission. These 
fragments are obtained by the loss of a new nucleons 
so that they are still heavy enough to exhibH precise 
range-energy relationships. Thus, when the beam is 
directed to a precise location in the body, the 
initial effect will be the highly localized injection 
of a positron-emitting isotope at the end of the 
particle tracks. The annihilation of the positron 
generates two detectable 511 keV gamma rays at nearly 
180" and in time coincidence. The utilization of this 
localized initial distribution of positron emitters 
is of interest both in therapy, as a means to obtain 
direct information on the location of the region of 
high cell damage, and in studies related to physiology 
and nuclear medicine. 
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Much of the success of the newly proposed useful
ness of radioactive beams will depend on the avail
ability of a proper detection device. The purpose 
of this paper is to describe the design and perform
ance of the first version of a Positron Emitter Beam 
Analyzer (PEBA) which has been constructed at LBL 
for the imaging of ·isotope d·istributions of very 
sman intensity. 

In terms of radiation dose, the injection of a 
certa·in amount of activity into a human being by a 
beam of energetic ions differs considerably from 
conventional injection into the bloodstream, which 
does not, in itself, involve any radiation dose. 
In the case of an ion beam, slowing down of the ions 
in tissue until they come to rest at the injection 
point involves a radiation dose that is concentrated 
principally at the end of the particle tracks. The 
injection of 0.15 uCi of 015

, for example, results in 
an approximate dose of 1 rad, which could be consid
ered to be the maximum dose for clinical studies. 
There are approximately 5,500 rs emitted per 
second initially as a result such an injection. 

Although the injection dose appears to be a 
handicap in the successful use of the beam injection 
technique, activity can be injected by this method 
into areas of the body 1vhere blood flow cannot be 
studied successfully by other methods, as in certain 
regions of the brain. 

One requirement of the imaging instrument that 
·is immediate.Jy apparent from the small amounts of 
activity that can be injected safely is high 
sensitivity. This requirement can best be met by the 
use of large crystals of Nai(Tl). Bismuth germanate 
has not been considered for the first instrument 
because its low energy resolution would prevent us 
from studying effectively the need for scatter rejec
tion in our specific application, and because of its 
high cost. 

In order to bring the detectors as close as 
possible to the targets, which can range in diameter 
from approximately 8 to 30 em, two moving banks of 
detectors separated by a variable distance are used. 
For activity confined principally \vith·in a cylindrical 
volume along the axis of the heavy-ion beam trajectory, 
the detector banks are articulated so that the crys
ta·J s are aimed approx·imately tov;ard the beam trajec
tory line. Figure 1 is a schematic drawing of the 
conceptual design. Economics has dictated the use of 
standard detector sizes and a limitation to 48 NaT
photomultiplier detectors at this time. The 0.75 
inch diameter, 3 inch long Nai(Tl) detectors 
(1.91 x 7.62 em) are used for the two center detectors 
of each row, and 0.75 inch diameter, 2 inch long 
detectors (1.91 x 5.08 em) are used for the outer 
detectors. The latter are shorter in order to deter
rwine whether positiona·l ambiguity for y-t·ays that 
interact deep in the detector is of substantial 
importance. Initial efficiency calculations showed 
that the system would detect approximately 1% of 
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emitted A-ray pairs in coincidence for a distance of 
10 em between planes, or 22,800 cts/min-yCi, assuming 
no energy discrimination and no substantial 
scattering. Initial simulations also showed that 
efficiency would depend approximately as the recipro
cal of distance between detector planes. As the 
distance increases, they-rays can penetrate the 
crystals in a direction closer to longitudinal. The 
increased detector efficiency compensates, in part, 
for the l/r2 solid angle dependence. For a distance 
of 3 em between crystal centers, a length of 9 em 
along the ion-beam axis is covered. 

It was also decided that each row of four detec
tors would constitute a detachable independent module 
so that the basic instrument can be used in a dif
ferent or expanded configuration in the future. 
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Fig. 1 Conceptual design of PEBA, showing two banks 
of 24 detectors each defining a volume along 
the path of a heavy-ion beam (x direction). 

Theory and Simulation 

The process of image reconstruction from an 
instrument made with a relatively small number of 
large detectors required the development of an 
appropriate theoretical background. A companion 
paper by one of the authors (J. Llacer), develops 
a theory of imaging for systems with a very limited 
number of projections. That theory has been 
applied to the design, simulation and actual opera
tion of the present instrument. 

Essentially, the theory shows that a detector 
configuration and a series of "system points" whose 
activity is to be determined are characterized by 
a real, positive, square symmetric matrix A'. The 
solution x, the vector of unknown activities at the 
system points, is then given as 

(;(. 
+ "'".... 1 + x=L.-X· 

)c. 1 

i=1 1 

where m is the number of system points, ;. 
1 

eigenvectors and Jci the eigenvalues of A'. 

( 1) 

are the 
The 

values a. are the result of a mathematical 
1 

projection 
of the results of a measurement on the; .. 

1 

The correctness of the solution i in the pre
sence of statistical fluctuations depends on the 
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value of the Condition Number of the matrix A' 

(2) 

A large Condition Number is not desirable. 

The process of design of PEBA has required the 
development of a valid computer simulation procedure 
so that different detector configurations could be 
tested, the condition numbers of the resulting 
matrices could be evaluated, and their effect on 
imaging studied. The imaging objectives were defined 
as follows: 

(i) ability to locate a point source on the 
ion-beam axis with an activity of 0.1 to 
0.2 yCi with an accuracy of the order of 
to 2 mm in a counting time of a few seconds; 

(·ii) ability to obtain the best possible quanti
tat·ive information on activity as a func
tion of time ·in the volume spanned by the 
detector planes consistent with the limited 
number of projections available. 

The first objective involves finding the optimum rela
tive positions in the x direction (Fig. 1) of the 
twelve detector modules of banks A and B (four detec
tors per module) so that system points on the center 
axis can be located very near each other and sti'll 
result in a well behave matrix. The second objective 
required the investigation of matrices obtained from 
three-dimensional arrays of points. For practically 
in data presentation and interpretation, the array 
should be rectangular. 

System matrices to simulate the physical system 
were obtained by d·igital calculations; the two arrays 
of 24 detectors were simulated with their actual 
dimensions in space. For a particular point source 
at s., the projections from a raster of points at the 

J 
entrance surface of every detector bank A, passing 
through sj and intersecting entrance surfaces of 
detectors of bank B, were calculated. For all lines 
passing through sj that join two opposite detectors, 
the length of they-ray trajectories ·inside the cyl in
drical detectors and the corresponding probabilities 
of the interaction was obtained (photoelectric plus 
Compton). From these probabilities, it was then 
possible to construct a column vector of 576 elements 
(24 x 24) that contains as entries, the frequencies 
with which all possible coincidences from s. can 

J 
occur. Repeating the procedure for all system points 
under investigation and placing the column vectors 
side by side, we obtain the system matrix A. Multi-
p 1 i cation by its transpose AT yi e 1 ds the symmetr·i x 
matrix A', which can then be analyzed in terms of the 
eigenvalues. It as expected that the simulated sys
tem would be a good representation of the physical 
system. The only physical phenomenon not included 
v1as the interaction in a given crystal of photons that 
do not enter through the entrance window of the same 
detector crystal. Interaction in more than one 
crystal of the same bank in time coincidence would be 
rejected electronically. 

One successful configuration that would meet the 
design objective (i) was found and is shown in Fig. 2. 
The left-to-right axis is the ion-beam axis (x coordi
nate in Fig. 1). The projection on the (x, y) plane 
of the center of the detector faces is shown with + 
and x signs for banks A and B, respectively. 



+ x+ x+ 

+ X + X + X + X 

+x +X t-X -I-X 

X 

!00 
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IMAGING REGION~CENTRAL 5cm, 

ON AXIS 

DISTANCE BETWEEN PLANES~!Ocm 

Fig. 2 Projection onto a vertical plane of detector 10 
center positions for banks A and B in a favor-
able configuration for maximum sampling of the 
center axis. A set of system points are 
shown by circles. 

A crossed pattern between detectors in banks A and B 
with each row within a bank displaced 5 mm with res-
pect to the row above (or below) results in a coin-
cidence sampling of the center axis every 5 mm. A 
series of system points on the center axis is also 
shown in Fig. 2 by circles. 

Figure 3 shows the Condition Number of the 
matrices generated in this arrangement as a function 
of 6x, the interpoint distance. Only the central 
5 em of the axis are being sampled in this study. The 
fast rise in A /A . for Ax <0.7 em is, undoubtedly, max m1n 
due to coupling of contiguous points caused by the 
large dimensions of the crystals. 

Imaging simulations with different sets of sys
tem points and matrices were carried out it was 
determined that the first design objective could be 
met amply if the Condition Number was no higher than 
10 to 15 for the configuration used. The Nyquist 
interpolation scheme described in the companion 
theoretical paper was used to evaluate positional 
accuracy. 

Simulations in three dimensions were also 
carried out and, as expected, the very small number 
of projections imposed, severe limitations on imag
ing ability. We shall return to this point below. 

General Design Considerations 

The physical layout of PEB/-\, which was intended 
primarily as a test bed for physics and instrumenta
tion ideas and for experiments with small animals is 
shown in Fig. 4. Three groups of 8 detectors each 
form the left and right banks, and each modu.le of ~ 
detectors can be adjusted in its position along the 
beam axis independently. When the distance between 

Fig. 3 
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Matrix condition number as a function of dis
tance X between system points for imaging 
along the beam axis, in a region of 5 em 
length. 

detector banks is changed, the upper and lower detec
tor groups change their angle so that all the tubes 
are always looking approximately towards the center 
'J·ine. 

Electronically, each module of four tubes 
supplies timing, energy and tube address information 
to a main unit which performs coincidence/anticoinci
dence functions, analog to digital pulse height con
version and coincidence address generation. A micro
processor unit with an 8K 16-bit memory performs all 
the real time logic functions during calibration or 
data acquisition and communicates with a CAMAC module 
attached to a multi-tasking PDP-11/45 computer. The 
·large computer issues commands (one or two 16-bit 
words) to PEBA, which are then executed by the micro
processor. At the end of execution, data are sent 
back to the 11/45 for mathematicaly processing and 
image display. 

There are two features in the overall design 
philosophy which should be mentioned: 



Fig. 4 Layout of PEBA, showing the 24 tubes of one 
detector bank arranged in modules of four 
detectors each. 

1) Energy selection is done by the PEBA micr?
processor without need to keep PM tub? ga1ns 
identical. Instead, PM tube voltage 1s 
adjusted for optimum coincidence timing per
formance (30 nsec FWHM for the complete . 
system). In a calibration mode, pu~se ~e1ght 
analysis spectra of 24 tubes at a t1me 1s 
carried out by the PEBA microprocessor system, 
and a table of lower and upper channel numbers 
(0-255) bounding the energy window allowed 
for each tube address is prepared. During 
the normal data acquisition mode, the micro
processor consults the table stored in its 
own memory to see whether the pulse height 
of the two tubes involved in a coincidence 
is within the prescribed bounds or not, thus 
accepting or rejecting the event .. For the 
TI 9900 processor used, the operat1on o! 
checking four bounds takes 250 ~sec, wh1ch 
may be acceptable for ·low activity levels, 
but a hardware implementation has been nearly 
completed which does the checking in 4 ~sec. 

2) The generation of system matrices for a 
specific geometry is done under computer 
control by taking a point source (22 Na) 
embedded in plastic and physically placing 
it at the system points in succession. After 
counting a prescribed length of time, the . 
resulting vector of responses from each po1nt 

LBL-8138 

becomes a column of the system matrix. A 
three-dimensional source positioner controlled 
by the PEBA microprocessor has been built for 
that purpose. Thus, the image reconstruction 
process uses different matrices A' for dif
ferent distances between detector planes and/ 
or different sets of system points. 

Detector Module and ~1ain UnH Design 

A block diagram illustrating the main function of 
the main unit is shown in Fig. 5. This diagram for 
the "A" bank of detectors is m·irrowed by a simi"!ar 
b"lock diagram for the "B" bank of detectors. The 
digital and analog signals (OS and AS) are processed 
in the two respective cards, with the digital card 
controlling the flow of information in the analog card. 
Also, the photomuHipl ier tube (PMT) address ·is form
ed on the digital card as a 5-bit word. The analog 
s·ignal ·is converted by an 8··bit analog-to-digital 
converter (ADC) contained on the analog card. The 
digital information is then combined into ?ne 13-bit 
word in the control card and sent to the m1cro
processor ( ~P). 

ANALOG 
CARD A 
(A(jl\) 

TO JfP 

CONTROL 
CARD Jl.. 1-'+-con;;A"'TA"R"'EA"'ovv-" 
(CCA) 
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Fig, 5 Diagram showing the function of the main 
electronic unit of PEBA. 

The PMTs used are RCA C70042Y, which are 10 
stage tubes with a 0.75'' (1.91 em) diameter bialkali 
photocathode. These PMTs were chosen with regard to 
their performance/ cost rat·i o. Here the performance 
criteria included: 

-4-

a) amplitude resolution - fullwidth at half
maximum for 22 Na was measured at -15% with 
Nai detectors, 0.75" diameter, 3" long. 

b) peak shift with counting rate - this was 
<2% for the range of cps to 300,000 cps. 

c) timing resolution - using simple leading 
edge discrimination and a time-to-height 
converter, with a 22 Na source this was 
-8 nsec fullwidth at half-maximum 
( 16 nsec FW O.lM). 



The basic elements of the detector module design 
are shown in Fig. 6. A fast timing signal is taken 
from the anode of the PMT and an analog signal is 
obtained from the last dynode. The wave forms shown 
in the f"igure are typical for a source of 22 Na with 
~1000 V applied to the PMT. The CD4016 is a COS/MOS 
bilaterial switch that is normally open but is closed 
by a time coincidence of the DS signa·ls from the "A" 
and "B" detector banks, indicative of positron 
ann·ihilation. 

A 

RGA 
C70042Y 

c 
7 

·-----~-~ DS 

~~50nS 
l.OV tf ~ 500nS 

-~16 
---·----~-·--0 OG 
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Fig. 6 Basic elements of the detector module design. 

Each detector module consists of four PMTs and 
two circuits cards; one containing four digital 
channels and the other four analog channels. This 
construction keeps the large fast digital signals 
separate from the smaller and slower analog signals. 

The basic logic contained on the digital card 
is shown in Fig. 7. In Fig. 7(a) the digital signals 
(DS) from a segment of eight PMTs are first differ
entiated to be ~zo nsec wide by a leading edge shaper 
and then combined in an 8-input OR gate to form the 
segment signal SAO. In a similar manner, digital 
signals A8-Al5 are combined to form SAl, and A16-A23 
form SA2. Likewise, the digital signals from the 
"B" bank of detectors are combined to form SBO, 
SBl and SB2. A positron annihilation is determined 
by a t"i me coincidence of any one of the DSA signa 1 s 
with a DSB signal at the 74SOO NAND aate. The 96502 
multivibrator at the output of the 7asoo will trigger 
with an overlap of the timing signals .:::3-4 nsec. 
With a posHron ·identHied, all dynode gates of one 
particular segment in both "A" and "B" banks are 
c·losed for -0.6 )JSec. Simultaneous·ly, another 96502 
generates a 6.0 )JSec pulse. This is the gate (SG) 
for the stretcher circuit that is located on the 
analog card. 

Now it is always possible for the annihilat·ion 
radiation from one positron decay to be indicated in 
two adjacent digital channels. This would give rise 
to fauHy address·ing of the PMT. A veto signal is 
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c) 

d) 
.(fll 7&3-9971 

Fig. 7 Details of the logic on the digital cards. 

therefore included as shown in Fig. 7(b). A simple 
summing amplifier is used to form a >1 signal, which 
in coincidence with a DG signal, triggers a 9602 to 
form a reset signal (RS) that immediately clears the 
dynode and stretcher gate multi vibrators. t\ good 
event (GE) is formed at the back edge of the DG 
signal as shown ·in Fig. ?(c). The 0.6 )JSec delay 
is to allow the >1 s·ignal to form if necessary. The 
address of a good event is determined by segment 
(1 of 3) and line (1 of 8), which are combined to 
form a 5-bit address as shown in the basic address 
circuit of Fig. 7(d). 

The basic circuits of the analog card are shown 
in Fig. 8. The analog signals, combined as one of 
three segments, are connected from the detector module 
to the main unit by 50 f:l coax cable for shielding 
purposes. At the analog card, the three segment 
anal?g.s·ignals are summed at the input of an inverting 
ampl1f1er. Recall only one segment dynode gates would 
have been activated. In the stretcher circuit the 
amplitude of the signal from the LM318 is stored on a 
stretching capacitor for a time determined by the 
stretcher gate signal (SG). The voltage gain of the 
analog channel from the PMT dynode to the output of 
the stretcher circuit is ~1.0. With a good event 
indicated, another COS/MOS bilateral switch is acti
vated and the una 1 og signal is processed by the 8-bit 
ADC. 

>:BL 78B-9970 

Fig. 8 Basic circuits in the analog cards. 



Additional features not shown in these circuit 
diagrams are the ability to override the >1 veto 
signal by the simple closure of a toggle svJitch. 
Also, by use of a togg·le swHch, the fast coinci~ 
dence gate on the digital card may be converted to 
process single events. 

i~i croprocessor Unit Des i9D.. 

The general configuration of the pP unit used 
in PEBA is shown in Fig. 9. The main chip used in 
the unit is the TMS 9900 16-bit word microprocessor 
manufactured by TI. The unit also contains: 2K of 
EPROMs (2708) for program storage; 8K of static RAMs 
(SEMI 4200) for data storage; several serial I/0 
channels (CRU channels); a DMA channel which is used 
for data acquisition from the detector unit; seven 
interrupt levels and other logic for executing 
several specific PEBA commands. 

~->l MAIN 
PUTER 

<f) 1f " "' V> 

"' ~I :! "' :! ~ " (.) 

l CAMAC l INTERFACE 

"' 0 
z <f) 

~I "" "' :! ~ :! 
0 
0 

BANK A DATA DRIVING 

BANK BD~ 
PULSES 

DETECTOR TMS 9900 STEPPING 
UNIT DATA READY ,uP UNIT STATUS MOTORS 

_.._ RESET 
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Fig. 9 General configuration of the microprocessor 
unit used in PEBA. 

The PEBA commands can be divided into tvJO 
categories: a) motor movement commands, b) data 
co 11 ecti on commands. A command can be either one 
word or two words. The MSB of the first command 
word must always be a "one" which is sensed by the 
hardware as an indicator to start the program. 
Once the program is started, H decodes the command 
and branches to respective routines. 

a) Motor movement commands: when a motor move~ 
ment command~decodeCI, a timer and an 
interrupt level are used for sending the 
driving pulses. No other hardware is in
volved in motor driving. All pulse genera~ 
tion is controlled by software. 

In ea.ch direction, for every step moved, the 
shaft encoder in the motor unit echoes back to the 
pP a signal to trigger an interrupt routine which 
records the actual number of steps moved. When all 
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the motors stop, the pP sends the total number of 
steps to the main computer as a reference. 

b) Data s;g]J,ection_c:Qllll,ll£.nds: the four commands 
'in this category win be described in some 
detai 1. 

this 
spectra 

or "B" cal i 
The command specifies the 

bank, the monitor tube and the number of 
total counts desired in the monitor tube. 
vJhile the memory is doing the pulse height 
analysis by taking the data from a complete 
bank of detectors through the DMA channel , 
the pP unit filters all the counts through 
hardware and routes only those from the 
monitor tube into a counter. When the counter 
is full, the pP senses it and stops the 
operation. Because the RAM size limitations, 
the SS command can only be executed one bank 
at a time. 

RS (bank, tube) (Read Spectrum): this command 
reads out the pulse height spectrum of the 
specified tube obtained during SS operation. 
The 256-word spectrum is transferred to the 
main computer. 

SB (Send Boundary): this command allows the 
main computer to send the lower and upper 
channel number for each tube that will be 
used for energy selection in the XV command. 
The pP stores these bounds in a block in its 
RAM. 

XV (n, ~T) (Generate Experimental Vector): 
this command asks the pP to generate a vector 
of coincidences for each period ~T. repeat 
n times, and sending each vector to the main 
computer with double buffering. Whenever a 
coincidence occurs between bank "A" and "B" 
the yP strobes the two 13-bit (5 tube~addre~s 
bits and 8 data bits) detector unit output 
into two registers. The hardware then gene~ 
rates a sequence to fetch the lower and upper 
bounds for the two tubes involved in the event, 
and compares the data with these bounds. If 
both the two 8~bit data are within the lower~ 
upper bounds a "Good Event" signal is gene-· 
rated which then rearranges the two 5-bit 
tube address into a 10-bit word and route 
them into the DMA channel to generate an event 
spectrum. A timer is used to define the time 
frame. 

~lgQrithms and D~ 

Two methods have been used for solving the basic 
system equation 

(3) 

where A' is the symmetric matrix, ~ is the unknown 
vector of activities and k' is a rotated vector of 
experimental results. The first one is a direct 
so~uti?n to Eq. 3 by the conjugate gradient method, 4 

wh1ch 1s guaranteed to arrive at the best solution 
in the least~squares sense. Calculations in 32-bit 
floating point arithmetic take a maximum of 0.3 sec 
for one~dimensional problems with up to 10 system 



X ~ 2.38 X = 2.30 
ACT = 1031. NANOCI ACT = 976. NANOCI 

a) c) 

COUNT TIME ~ 2.00 SECS. COUNT TIME = 0.50 SECS. 

LJ 

- X ~ 2.34 
ACT = 1022. NANOCI 

b) d) 

X = 2.40 
ACT= 1467. NAI\IOCI 

COUNT TIME ~ 1.00 SECS. COUNT TIME = 0.20 SECS. 
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Fig. 10 Example of point source detection in one dimension. A 1 pCi source was positioned arbitrarily at 
x=2.35 em, and the unit was activated for 2, l, 0.5 and 0.2 sec. Resulting point source position 
and activity are shown in each case. The Nyquist ·interpolation technique was used in the generation 
of the images. 

points and 5-10 sec for three-dimensional arrays with 
up to 40-50 points on a PDP 11/45 computer. 

The second method used is a direct application 
of Eq. 1 using eigenvalues and eigenvectors. The 
accurate determ·i nation of ei genva 1 ues and ei gen
vectors from the system matrices used with PEBA does 
not present any apparent problems, although only 32-
bit floating point arithmetic has been utilized. The 
solution method consists in a single pass and in
volves no divisions during execution time. (The i 
having been previously divided by the A1.) This 
method seems very promising for image reconstruction 
work using fast array processor which do not have 
hardwired dividers. 

Several display methods have been tried during 
the course of this work. The ones shown here are 
line drawings from a Tektronix 4014 terminal for one
dimensional work as copied by a Versatec printer
plotter and level of gray modulation displays 
obtained from a Versaplot software package with nine 
levels. A video-type color display is now being 
developed as the principal display method. Figures 
18a) through d) were obtained from the video display 
in some initial test in black and white. Image inter
po.lation between system points has been done by using 
the Nyquist sampling theorem. Image generation by 
mathematical sweeping, as described in the companion 

paper, and image improvement by point response decon
volution is in the process of study. 

One-Dimensional Experimental Results 

A) point Source Detection 

A large number of experiments have been carried 
out in order to determine the capabilities of the 
first PEBA design. The simplest series of tests 
consists in the determination of position and activity 
of a point source placed along the beam axis (x-axis) 
as a function of detector plane separation, counting 
time energy window, position and the presence of 
absorbers. 

Figures 10 a) through d) show a set of results 
obtained by the iterative solution to Eq. 3 and the 
Nyquist ·interpolation technique for a 1 )JCi point 
source positioned arbitrarily at x = +2.35 em. Count 
times were 2, 1, 0.5 and 0.2 sec, with 25 em detector 
plane separation, no absorber and an energy window 
from 25 to 124% of the photopeak centroid. Such 
energy window removes the Pb x-rays from the detector 
shields and most of the effects due to the high-energy 
y-rays from the source. Figures 10 a) through d) 
contain the x-axis, with marks every em. Eight system 
points were placed between -3.5 ~ x ~ 3.5 em, every em. 



The values obtained for activity at the system 
points are shown by light lines. The solid curve 
is the result of the Nyquist interpolation. Error in 
position determination remains within 1 mm and acti~ 
vity measurement within 3% except for the lov1est count 
time, where the error becomes substantial. Some 
values of x at the system points exhibit negative 
values due to "r·inging" in the so·lution, magn·ified 
by the Nyquist interpo·lation scheme, as discussed in 
the theoretical paper. The 22 Na point source (esti~ 
mated to be approximately of 1 mm diameter) emits 
positrons with an end point energy of 0.54 MeV, so 
that the source generates coincidence y-rays from a 
sphere of approximately 2 mm maximum radius in lucite 
or water. A two~dimensional projection of the effec
tive source d·istribution shows that activity decays 
almost linearily from the center to the edge of a 
circle of 2 mm radius, 5 so that the 22 Na source can 
thus be used as a reasonable point source for camera 
studies. 

Table 1 shows a comparison between the condition 
numbers of the system matrices calculated by the 
simulation programs and the ones generated by PEBA 
as a function of detector plane separation for the 
eight system points described above. 

Table 

Plane Se~arat1on Condit1on Numbers 
Calculated Measured 

d (em) Matrix Matrix 

15 1. 94 3.24 

25 2.12 3.78 

35 2.34 3.71 

From the use of the theoretical developments in 
the companion paper and an observation of the matrices 
resulting from the calculations and the measurements, 
it has become clear that the differences shown in 
Table 1 are due to a higher degree of coupling or 
detector response overlap in the experimental setup 
than in the simulation. 

Evidently, this is due to the assumption made in 
the simulation that only y~rays entering through the 
detector face are counted by the system. These 
comparisons and other similar ones establish the 
validity of the computer s imu·l ati on procedure. 

A statistical analysis of data collected by PEBA 
under conditions resembling clinical use has been 
carried out in order to ascertain the effect on imag
ing accuracy of four principal variables: 1) data 
collection time, 2) energy window width, 3) separation 
between system points, and 4) source position along 
the x-axis. A 1 ~Ci 22 Na source was placed in an 
approximately 22.5 em diameter cylindrical water 
tank with plastic walls. The distance between detec
tor banks was 35 em. The number of coincidence events 
detected before energy di scri mi nation was approxi
mately 50 sec- 1 (the rate is near 250 sec~ 1 without 
the water tank). The results to be examined were 
obtained location and activity of the point source. 

For a fixed data collection time, tm, an 
analysis of the variance was carried out for two 
energy windows (25% to 125% of photopeak centroid 
and 85% to 115%, wide and narrow, respectively), 
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system points separated by three distances (1.5, 1 
and 0.75 em), and source positioned in three regions 
(x = 0, 1 < x < 2 em, and x = 3 em). Each measure
ment was repeated six times, for a total of 108 
measurements for a given tm. 

The statistical analysis shows that for images 
generated with 650 or less events (accepted coinci~ 
dences within a prescribed energy vrinclow), accuracy 
in position and activi determination is limited 
by the random fl ons in the collected counts. 
The effects of energy window width, system point 
separation and region of source position are not 
significant under those conditions. 

For images generated with 1600 events or more, 
the analysis shows: 

1) window width is not important in determining 
position of a source for a fixed number of 

events. Also, as long as the system 
ces are generated in the same conditions 

of absorber and window widths as during data 
taking, accuracy in activity measurement ·is 
independent of window width. 

2) the camera is significantly more accurate in 
the center and near center regions than at the 
edges for a fixed counting time and window 
w·idth. 

3) the system with point separation of 0.75 em 
gives significantly worse accuracy than in 
the cases with 6x = 1 or 1.5 em, for a fixed 
number of events. 

The first result may be somewhat surprising, even 
bearing in mind that when a system matrix is generated 
with a given set of window and absorber conditions, 
the matrix already contains a 11 the relevant Compton 
scattering information for detection under similar 
conditions. This result will be investigated further. 
The second result is quite understandable considering 
that fewer tubes are recording coincidences when the 
source is at the edges of the camera. The third re
sult is a consequence of the higher condition number of 
of the matrices for 6x = 0.75 (between 6 and 7.7) than 
for 6x = 1, or 1.5 em (between 1.7 and 2.6). 

From the above study, we have fixed operating 
conditions for the camera in the presence of the water 
phantom as: 

1) wide window (25 to 125% of photopeak centroid). 

2) operate preferentially within ±2.5 em of 
center. 

3) use system points generated with ~x = 1 em. 

With the above parameters and a short counting 
time, the mean error in position and activHy at 
system points and the estimated standard deviation 
of the expected errors are given in Table 2. 

The mean errors should be near zero except for 
systematic errors. The standard deviations indicate 
that in 68% of independent measurements the error 
expected will be less than a, in 95% of measurements 
it will be less than 2o, etc. 
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Table 2 

>20 >650 .01 

10 325 .006 

5 162 .003 

B) Measurements of High-Energy Heavy-Ion Range 

One of the principal uses of PEBA is the on-line 
determination of the end point of the trajectory of 
heavy ions during radiation therapy. Figure 11 shows 
a curve of relative energy deposited per unit length 
(Bragg curve) by a beam of 12 C ions in H2o with an 

initial energy of 254 MeV/nucleon. The sharp peak 
(Bragg peak) at the end of the trajectory determines 
the region of high cell damage, so that the on-line 
visualization of its exact position in a patient is 
of great importance. 

0.02 HR 

rVG4 ., PB SCAiTERER 

3,(1Q---

PENETRATION DISTMKE \C~l OF LJ<'ITERJ 

BRGG 

Fig. 11 Bragg curve for a beam of 12 C ions in water, 
with initial energy of 254 Mev;nucleon. 

Several experiments have been conducted at the 
Bevalac in order to test the ability of PEBA to detect 
trajectory endpoint, as well as isotope identification. 
Figure 12 shows a schematic of the general geometry 
used in the experiments. A beam of high-energy ions 
was collimated to a diameter of 1.58 em (PEBA's dia
meter of good positional accuracy is 2 em) and made 
to enter an absorber bar positioned between the 
detector banks, centered along the beam axis, with 
the x = 0 point of PEBA at some determined point. 

±.019 4.1 ±78 

±.039 13.6 ±120 

:t. 047 40.11 t16~ 
:-~-~·~~~-~~-~ 

COlliMATOR 

XBL 788-9963 

Fig. 12 General geometrical setup for experiments 
with PEBA in the irradiation chamber. 

Immediately after the end of the ion bombardment PEBA 
would start data acquisition for a number of periods 
of predetermined length. Data analysis and display 
is carried out immediately after data acquisition 
ends. 

One of the simplest experiments that can be done 
is by irradiating a Beryllium target with a beam of 
12 C particles and measuring the range in the same 
target of the 11 C particles obtained as a fragmenta
tion product of the parent beam. The yield of 11 C is 
of approximately 1%. 

For the 12 C beam corresponding to Fig. 11, 
Fig. 13 shows a graph of end-of-range peak position 
and detected activity vs time as measured by PEBA. 
The horizontal axis is the x-coordinate of PEBA in em. 
Times T correspond to the beginning of a 50 sec count
ing period, each line representing a new period. The 
density of the image corresponds to activity detected. 
The inserted values of x correspond to peak position. 
From the geometry of the specific experiment, the 
measured range of 11 C generated in the Be bar is 
7.45 em ±.04 em. A calculated value for that range 
is 7.85 t0.31 em. 

A least squares linear fitting to the logarithm 
of detected activities in order to determine the half
life of the isotope gives a result of 21.8_mlnutes, 
which compares well with the half-life of 11 C, 20.5 
minutes. The maximum activ·ity detected of approxi
mately 70 nanoCi correspond to a maximum of 1590 
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Fig. 13 Measurement of range and half-life of 11 C produced by fragmentation of a 12 C beam in Be. The hori
zontal axis represents PEBA coordinates along the x axis. Vertical position corresponds to time 
T (sees) since end of irradiation. Images are plotted with nine levels of grey. 

disintegrations per second. Since the measured 
efficiency of the camera under the experimental con
ditions is very close to 1%, each of the images of 
Fig. 13 was obtained with approximately 1300 counts 
maximum which poses no strain to the capabilities 
of PEBA. 

A set of more demanding measurements was made 
1vith a 20 Ne beam with a nominal initial energy of 
425 MeV/nucleon. Figure 14 shows data obtained after 
such an irradiation with 20 Ne on a Be target, with 
2 em H20 absorber in front. Count interval was 2 

sec per image. The least squares fitting gives a 
half-life of 19.8 sec which identifies the isotope 
quite well. The range obtained was 9.34 em ±0.12 em 
with a theoretical value of 9.28 ±0.28 em. The first 
image was formed with approximately 250 counts. 

In a higher level irradiation, we have been 
able to observe a shift in the detected peak position 
as well as a change in the dominant half-life as the 
activity due to 19 Ne decays fast, leaving 17 F in the 
target (half-life 66 sees). No water absorber was 
used in the experiment. Count intervals were 2 
sees. Figure 15 top portion shows the results of 

the measurement at early times, g1v1ng a range of 
10.57 ±0.06 em, (the theoretical value of 10.49 
±0.31 em), with a half-life of 30.6 sees ( 19 Ne con
taminated with 17 F). The bottom portion of Fig. 15 
show the renormalized results of the same experiment 
at later times after irradiation. The peak posi
tion is now located at 10.85 ±0.11 em and the least 
squares fitting yields a half-life of 66 sees, 
which identifies 17 F quite well. The differences 
in position between the trajectory end points of 
19 Ne and 17 F of approximately 0.3 em compares well 
with previous results. 7 

The above examples provide a sampling of the one
dimensional static imaging capabil Hy of the present 
cal)lera configuration. It ·is felt that the accuracy 
with which PEBA can measure end-of-range is such 
that the results now obtainable should be used to 
refine the theoretical calculations which at present, 
yield results which are not better than 

A number of experiments with phantoms and animals 
are now being prepared from which we hope to gain 
enough knowledge to allow us to use the camera with 
humans during treatment irradiation. 
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Fig. 14 Measurement of range and half-life of 19 Ne in Be. 

Three-Dimensional Imaging 

The initial computer simulations of three
dimensional imaging showed that the detector con
figuration used for one-dimensional imaging resulted 
in optimal system points located irregularly in 
space. At the expense of some increase in condition 
numbers, a rectangular mesh of system points was 
made a requirement. The results of the simulations 
and the experimental observations have coincided in 
pointing at the weaknesses of the structure des
cribed by Figs. 1 and 2 and 4. 

1) In vertical planes (x, y), independent 
sampling of lines parallel to the beam axis 
occurs at irregular intervals 6y and condition 
numbers become quite high as the sampled line 
is moved away from the y = 0 line. The 
dependence on the Z coordinate is also quite 
strong. 

2) In horizontal planes (x, z), independent 
sampling of lines parallel to the beam axis 
is very scarce, since there are no tubes in 
the vertical direction to complete a struc
ture which could approach a ring. 

A better geometry 1vhi ch has been investigated for· 
volume reconstruction is one in which the six detector 
modules of each bank are stacked horizontally on top 
of each other. Than by pos i ti oni ng the modu·l es in the 
(x, y) plane as shown in Fig. 16, we obtain sampling 
in x every 0. 75 em and ·in y every 1. 75 em, half of 6x 
and 6y shown in the figure, with no noticeable system 
matrix coupling in the vertical plane for a wide range 
of Z. Good uniformity in detector sensitivity for all 
the system po·i nts is observed except at the periphery 
of the rectangular region sampled. 

A two-dimensional array of system points with 
NX 9 (the number of x positions), 6x = 1, NY= 5, 
6y 1.75 em has been investigated, covering an area 
of 8 x 7 em at Z = 0. A total of 16 x 16 detectors 
were placed in the configuration of Fig. 17. The 
condition number of the matrix is 6.12 for a separa
tion between planes of 20 em and no absorber. In that 
configuration, the instrument consists virtually of 
5 lines of sensitivity, parallel to the ion-beam axis, 
separated by 1.75 em. For a point source traveling 
along the X-direction (ion-beam axis), the activity 
detected at a system point has a FWHM of 1.2 em. 



Fig. 15 
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Measurement showing peak shifting between 19 Ne and 17 F as the activity due to the short half-life 19 Ne 
decays, leaving the longer-lived 17 F in the Be bar. 
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Fig. 16 A good configuration that has been investi
gated for imaging along nine lines in a 
vertical plane parallel to the beam direction. 
Sampling distances are 0.75 em in the x 
direction, and 1.75 em in they direction. 
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Fig. 17 Approximate definition of a picture element 
for the configuration of Fig. 16, showing 
the weighting functions that determine 
activity measured at a system point. 
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For a source traveling along the vertical axis, the 
corresponding response has 1.05 em FWHM. Scans 
carried out by moving a source a·long the z~direction 
(horizontal, transverse to the beam), indicate that 
the instrument has a response of 4.8 em FWHM, with 
good positional accuracy in x and y coordinates 
within - 4 ~ z ~ 4 em approximately. Figure 17 shows 
schematically one picture element in relationship to 
the beam axis with the approximate form of the weight~ 
ing functions which determine the response at a sys
tem point. 

Preliminary imaging experiments with the 16 x 16 
detector system and the set of system points des~ 
cribed above have been carried out. The limit of 
usefulness of the configuration is illustrated by an 
experiment in which a beam of pure 11 C with a range 
of 10.8 em in water and a total of approximately 10 7 

particles per beam pulse was used to inject that 
isotope into a cylinder of lucite of 3 ern diameter. 
After one sing·le beam pulse, the dose delivered was 
approximately four rads. The number of disintegrations 
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per second for the injected bolus of the long half
life 11 C is 5.6 x 10 3

, correspond·ing to an activity 
of 150 nanoCi. In the configuration under study, 
the camera accepts approximately 200 counts/sec for 
a 1 vCi source with an energy window between 20 and 
115% of photopeak, and ~100 counts/sec for a flat dis
tributed 1 uCi source of the shape of the bolus 
injected in lucite. The injected bolus was expected 
to generate, therefore, only 15 counts/sec in the 
camera, which is what was actually observed 
experimentally. Figure 18 shows four consecutive 
images obtained with 1 sec counting after the single 
beam pulse irradiation. The nine system point posi
tions in the horizontally axis and the five points in 
the vertical axis are shown. The lucite rod was 
placed along the lowest horizontal system line. With 
an average of only 15 counts, which can result from 
unscattered y~rays from the bolus, or from y-rays 
Compton scattered in the lucite bar or the detectors, 
fluctuations in posit·ion, activity detected and the 
appearance of f·ictitious act·ivity in the image are 
prob.lems. Nevertheless, a clear point of activity is 
detected with rather consistent position most of the 
time. 

Fig. 18 Image generated by a configuration similar to that of Fig. 16 when approximately 10 7 11 C ions are 
stopped in a plastic bar. Dose delivered was four rads. Each image corresponds to data acquired 
during one second, representing approximately 15 counts in the instrument. The disappearance of 
the point in one of the images_i s real and can be exp 1 ai ned reasonably by the 1 ow count rate and 
the possibilities for Compton scattering in the plastic bar and/or detectors. 
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The use of 11 C for diagnostic work with humans 
is far from ideal, due to the long half-life of that 
isotope. With 19 Ne (half-life = 18.2 sees), a similar 
bolus would generate 70 times more disintegrations 
per second and imaging would be considerably improved. 
A beam of 19 Ne will be developed at the Bevalac in the 
near future. 

The possibility of adding more vertical system 
planes at z t 0 is being investigated, although the 
absence of vertical detectors results in a strong 
coupling in the resulting matrices. 

Work in both computer simulation and experimental 
measurements with PEBA is continuing in order to find 
the best way to high efficiency imaging in three
dimensions for physiological stud·ies v1ith injected 
radioactive ion beams. 

Conclusion 
-~-~~~~-

This paper has reported on the design and ini-
tial performance data of the first version of an instru
ment that can detertn-ine the position of the trajec-
tory end point of a heavy-ion beam during therapy or 
medical research with an accuracy of the order of 1 mm 
for counting times in the order of a few seconds. 
Using purely radioactive beams, the patient dose can 
be below one rad if the shorter lived position emitter 
isotopes are used. The instrument can also be used 
with some limitations, for volume activity 
reconstruction. This first instrument is now being 
used as a test bench for ideas and also for phantom 
and small animal experiments. It will soon be recon
figured into a more convenient mechanical unit for 
larger animal experiments and actual human irradiation 
control. Effort is continuing in the areas of optimum 
detector dimensions, material, packing and cluster 
location, on fast algorithms and system matrix 
generation procedures, d·isplay methods, including the 
concept of mathematical sweeping, and cost reduction, 
so that we can provide the best assistance to the 
Biomedical effort at LBL on cancer therapy and physio
logical studies. 

LBL-8138 

Acknowledgments 

The authors would like to recognize the strong 
influence on this project of C. A. Tobias, who pro
vided the initial impetus for this work. We would 
also like to thank E. L. Alpen and F. S. Goulding 
for their interest and support. 

Reference to a company or product name does not 
imply approva·l or recommendation of the product by 
the University of California or the U.S. Department 
of Energy to the exclusion of others that may be 
suitable. 

References 

1. H. A. Grunder, Lawrence Berkeley Laboratory Report 
LBL-2090, 1973. 

2. C. A. Tobias, Radiology, 108, p. 145, 1973. 

3. E. V. Benton, R. P. Henke and C. A. Tobias, 
Lawrence Berkeley Laboratory Report, LBL-2016, 
1973. 

4. F. S. Beckman, Mathematical Methods for Digital 
Computers, Wiley, New York, 1960. 

5. J. Llacer and L. S. Graham, The Effect of Improv
ing Energy Resolution on Gamma Camera Performance, 
IEEE Trans. Nucl. Sci. NS-22, No. 1, 1975, p. 309. 

6. J. Alonso, LBL, private communication. 

7. C. A. Tobias, A. Chatterjee, and A. R. Smith, 
Phys. Letter 73A, 1971, 119. 

-14-








