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Standardization of 'SF by Means of 47(PS)5 — v
Plastic Scintillator Coincidence System

Aida M. Baccarelli, Mauro S. Dias, Marina F. Koskinas, and Franco Brancaccio

Abstract—The present work describes the procedure devel-
oped for the standardization of ®F by means of a coincidence
system using a plastic scintillator detector in 47 geometry, named
47w(PS)3 — ~, which was developed at the Nuclear Metrology
Laboratory in IPEN, Sao Paulo, Brazil. The main advantage of this
detector system is the ability to perform primary standardizations
without the need for a coating of a metal layer on the radioactive
source film for rendering it conductive, as usually necessary for
proportional counter measurements. The measurements were also
performed with a conventional 47 (P C)3 — ~ coincidence system,
which makes use of a 47 proportional counter for charged par-
ticles or X-ray detection coupled to a pair of Nal(TIl) scintillation
counters. The gamma-ray window was set to measure the 511 keV
gamma-rays produced by positron annihilation. The detector
efficiency was changed by moving the electronic discriminator
threshold. The observed activity values were extrapolated to 100 %
efficiency and the results showed good agreement between the two
detector systems.

Index Terms—Coincidence, fluorine-18, plastic scintillator,
standardization.

1. INTRODUCTION

ADIONUCLIDE calibration systems applying 473 —
R'ytechnique have been considered primary standards for
many years due to high accuracy and because the results depend
only on observable quantities (see for instance: [1]-[7]). The
Nuclear Metrology Laboratory (Laboratério de Metrologia
Nuclear, LMN) of IPEN (Instituto de Pesquisas Energéticas
e Nucleares) has recently developed a 47(PS)3 — « coinci-
dence system, which makes use of a plastic scintillator as a
charged particle detector in 47 geometry [8], [9]. This detector
is intended to perform primary standardizations using thin
Collodion films as radioactive source holder. However, since
this system is based on light collection instead of gas ioniza-
tion, it is not necessary to use any metal layer coating on the
radioactive source film in order to render it conductive. In the
present work, '®F was chosen for testing this system. This is a
very important radionuclide to radiopharmacy, especially for
Positron Emission Tomography (PET) applications.

The '®F decay scheme is shown in Fig. 1. This radionuclide
has a 1.8290(5) h half-life and decays by ST emission with
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Fig. 2. Coincidence system using 4 plastic scintillator coupled to a Nal(TI)
crystal.

96.80(20)% probability and electron capture with 3,20(20)%
probability. The maximum 3% energy is 633.5(6) ke V [10]. This
radionuclide has been standardized previously at the LMN by
a conventional 47 3(PC) — «y coincidence system employing a
gas flow proportional counter, as part of an International com-
parison organized by the National Physical Laboratory, UK, in
2001 [11].

II. EXPERIMENTAL PROCEDURE

A. Description of the 4w(PS)3 — ~ System

The geometry of the 4x plastic scintillator coincidence
system is shown in Fig. 2. More details are given elsewhere
[8], [9]. It consists of a double plastic cylindrical scintillator in
which the lower part is 6 mm thick and has a coaxial depression
of 3 mm where the radioactive source is placed. The upper
part is 3 mm thick and is used as a lid to improve light col-
lection efficiency and to assure 47 geometry. The scintillator
was wrapped with Teflon tape for producing diffused light
reflection. The lower end was coupled to a RCA 8850 photo-
multiplier tube by means of silicone grease. A similar system
is described in [12], where the radioactive solution is deposited
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directly on the plastic scintillator. In the present system, the
source is supported by a Collodion film, therefore it can be
removed to be used for calibration in other primary systems
such as 47(PC)8 — . This procedure was performed in the
present work, as described in the following sections.

The lower discrimination level was initially set to 6 keV in
order to cut off noise. Further measurements were performed by
moving to upper levels in order to change the ( efficiency. The
whole set was coupled to a 76 mm x 76 mm Nal(T1) scintillator
counter for gamma ray detection. The gamma channel window
was set to include only the total absorption peak produced by
18F annihilation gamma rays. A single Nal(T1) detector was em-
ployed in this experiment, therefore only one gamma ray could
be detected per annihilation pair. Typical beta ray counting rates
from source and background were 1000 and 25 cps, respec-
tively. The corresponding rates for gamma rays were 52 and
4 cps, respectively.

B. Description of the 4w(PC)3 — ~ Reference System

The system used as [5] consisted of a gas-flow proportional
counter with 47 geometry using 90% Ar +10% CHy4 gas at
0.1 MPa, as the [ detector, coupled to a pair of 76 mm x 76 mm
Nal(TI) scintillation counters as  detectors. The proportional
counter was operated with +2050 V bias. The lower discrimi-
nation level was initially set to 60 mV and then moved to upper
levels in order to change the [ efficiency. Monte Carlo simula-
tions of the 47 detector geometry were performed using code
PENELOPE [13] showing that the peak in the beta spectrum
corresponds to a deposited energy around 3 keV in the gas.
Therefore, the adopted lower level threshold corresponds to an
energy around 0.1 keV. This value is much lower than the 8F
Auger electron energy. The gamma channel window was set to
include only the total absorption peak produced by '8F anni-
hilation gamma rays. Since the two Nal(T1) crystals were posi-
tioned at opposite sides with respect to 47 detector, some events
summed up and were removed from the gamma-ray window.
Typical beta ray counting rates from source and background
were around 1000 and 2 cps, respectively. The corresponding
rates for gamma rays were around 100 and 7 cps, respectively.

C. Positron Spectrum in the 47(PS) Detector

The 8F positron spectrum is shown in Fig. 3. The left part
of the spectrum corresponds to pulses coming from the upper
half of the scintillator and the right part corresponds to pulses
coming from the lower half of the scintillator. This gain mis-
match between the two scintillator halves does not represent a
problem because this detector is used only for integral counting
and not as a spectrometer. The shape in the low amplitude region
indicates that many low energy positrons produce pulses in the
noise region. As a result the maximum positron efficiency for
I8F is lower than that in a 47 proportional counter.

D. Electronic System

The electronic system diagram is shown in Fig. 4. This system
eliminates the need of individual counters for each detection
line. In addition, contribution from accidental coincidences can
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Fig. 3. Positron spectrum from the 47 (PS) detector. The left part of the spec-
trum corresponds to pulses coming from the upper half of the scintillator and the
right part corresponds to pulses coming from the lower half of the scintillator.
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Fig. 4. Schematic diagram of electronic system.

be determined experimentally by means of the time distribution
registered by the system.

In the first step the pulses pass through an amplifier having
0.5 s shaping time. The resulting timing signal at the amplifier
output occurs 1.8 us after disintegration. Next, the pulses are
discriminated by means of Single Channel Analysers (SCA).
The first SCA was set to cut off noise from the plastic scin-
tillator. The second one was used for the gamma ray window
chosen to accept only total energy absorption pulses from
511 keV '®F annihilation quanta.

The logic pulses were sent to gate and delay modules, then
to a Time to Amplitude Converter (TAC) Ortec Model 567 and
finally to a Multichannel Analyser (MCA) Camberra Model
S400 Genie-PC Spectroscopy System. The TAC module oper-
ated with 5 ps full scale and the MCA operated with 2048 chan-
nels. Signals from both 3 and -~ lines fed the same Gate and
Delay generator G2 but at different times due to the presence
of a delay module placed in the 3 line. As a result, the starting
signals from (3 and -y events occur at different times at the TAC
start input. The Gate and Delay generator G1 was set to 3 us
delay in order to supply stop signals to the TAC module. The
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Fig. 5. Timing table of individual pulses from the electronic system. (a) and (b) show the TAC Start/Stop timing for gamma and beta lines respectively;
(c) represents a typical coincidence when the beta and gamma pulses arrive simultaneously in the circuit; (d) represents a limiting coincidence case when the
beta pulse occurs with a 1.0 us delay relative to the gamma pulse occurrence; (e) represents the other limiting coincidence case when the gamma pulse occurs

1.0 ps after the beta pulse.

coincidence peak position in the TAC spectrum corresponds to
the time difference between the (3 and v SCA delay settings.
Fig. 5 explains the operation of the electronic system shown
in Fig. 4, considering the main nominal delays given by the
electronic modules. Fig. 5(a) and (b) show the TAC Start/Stop
timing for gamma and beta lines respectively; the simplified dia-
grams at the bottom of these figures are used in the other sections
of this figure. Sections c) to g) show the possible Start/Stop com-
binations; Section h) summarizes these combinations explained
as follows: case c) represents a typical coincidence when the
beta and gamma pulses arrive simultaneously in the circuit; here
the Start is given by the gamma pulse and the Stop by the beta
one, after a 1.9 us delay; Section d) represents a limiting co-
incidence case when the beta pulse occurs with a 1.0 us delay
relative to the gamma pulse occurrence; thus, the Start is given
by the gamma pulse and the Stop by both beta or gamma pulses,
aftera2.9 us delay; Section e) represents the other limiting coin-
cidence case when the gamma pulse occurs 1.0 us after the beta
pulse; the Start can be given by both beta and gamma pulses;
the beta pulse is responsible for the TAC Stop, after a 0.9 us
delay; If the relative delay of detection pulses exceeds 1.0 us,
the first arriving pulse - beta or gamma - is responsible for both
Start and Stop TAC signals; no coincidence is considered by

the system and the processed pulse is registered as a single; a
single beta is added into the 0.9 s time peak; a single gamma is
added into the 2.9 us time peak. According to the above expla-
nation, the electronic system establishes a 2.0 us coincidence
range; so, a relative jitter between the beta and gamma detec-
tion pulses smaller than 1.0 us is acceptable. Such a coinci-
dence range is large enough to account for detection timing fluc-
tuations and compensate different module propagation delays,
enabling changes in these modules; also the accidental coinci-
dences are distributed along this range.

Fig. 6 shows a timing diagram of pulses coming from each
electronic module. The meaning of labels A to I are explained in
Table I which includes the time of ocurrence and the dead time
associated with each event. The amplifier output time was con-
sidered at maximum pulse amplitude. These dead time values
for all modules were determined experimentally by means of
a precision oscilloscope, except for the case of the MCA. The
latter dead time was determined from live and clock times and
checked by means of a precision pulser inserted in the TAC spec-
trum. Fig. 6(b) shows the Dead Time contribution of both the
electronic system (labeled TAC for simplicity) and the Multi
Channel Analyzer (MCA). The timing diagram in this section
demonstrates that the effective dead time is equivalent to 15 us
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Fig. 6. Timing diagram of electronic system. (a) event time scale; the labels
are explained in Table I; (b) dead time contribution from the electronic system
(labeled TAC for simplicity) and from the Multi Channel Analyzer (MCA).

TABLE I
TIMING SIGNALS PRODUCED IN THE ELECTRONIC SYSTEM

Label Event Time (us)  Dead Time (us)
A Disintegration 0 0
B Output Amp. 3 and 0.9 1.8
C Output SCA 3 2.6 0.5
D Output SCA ~ 3.6 0.5
E Output Gate and Delay G2 3.7 0.1
F Output Delay Amp. 3 4.6 1.0
G Output Gate and Delay G1 5.6 3.0
H Input TAC 8.6 11.0
I Input MCA 19.6 15.0

(MCA typical Dead Time), explained as follows: a detection
pulse arrives at instant labeled 1 and the TAC system starts the
process, taking about 11 us to generate the correspondent output
signal; thus, the MCA starts its own process; any other detection
pulse that arrives between the A-H time interval is neglected
(instant 2 represents the extreme condition); although the TAC
could accept a pulse inside the H-A’ time interval, the correspon-
dent TAC output would take place inside the MCA processing
time; the pulse in the case 3 will be processed normally.

As can be seen from Fig. 6 and Table I, the dominant dead
time comes from the MCA module. For this module the dead
time is channel dependant and was determined experimentally,
resulting in the range between 13.4 to 15.4 s depending on the
measurement conditions. A typical and most frequent value was
about 15.0 us.

A typical TAC spectrum registered in the MCA is shown in
Fig. 7. The middle peak corresponds to coincidences. The left
and right peaks correspond to beta and gamma counting rates,
respectively, without the coincidence rate contribution. This
electronic system allows experimental determination of the
accidental coincidence contribution from the TAC spectrum.
These events lie between the 3 or 7y peaks and the coincidence
peak. The coincidence time distribution has a FWHM (Full
Width at Half Maximum) of 0.12 ps corresponding to £0.06 ps
average time jitter, relative to the coincidence peak center. The
coincidence peak is positioned at 2.4 ps, far enough from the
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Fig. 7. Typical TAC output spectrum. The left peak corresponds to beta singles,
excluding coincidences, the middle peak corresponds to coincidence counts and
the right peak corresponds to gamma singles, excluding coincidences.

single gamma peak, located at 3.7 ps. This coincidence time
shift is due to an intrinsic delay, about 0.6 us, in the Gate and
Delay modules, G1 and G2, not considered in Fig. 5.

As pointed out in section A, the minimum lower level dis-
criminator set for the beta channel corresponds to 6 keV, well
above the value of 3 keV given in [14] as the maximum ampli-
tude for spurious afterpulses at 22 Celsius, which was the room
temperature during the present experiment. Therefore, consid-
ering the beta discrimination and the dead time range of the elec-
tronic system, it can be concluded that the contribution from af-
terpulses can be considered negligible.

E. Source Preparation

A set of ten '®F sources with masses in the 2045 mg range
were prepared by depositing quantitative aliquots of radioactive
solutions onto a 20 pg.cm~2 thick Collodion film, previously
coated with a 10 ug.cm~2 gold layer. This gold layer is not nec-
essary for the plastic scintillator detection system and was ap-
plied only to allow comparisons with the conventional 47 pro-
portional counter coincidence system. The accurate source mass
determination was performed by the pycnometer technique [15]
using a Mettler SSA balance. The sources were dried under a
red lamp. Immediately after measurement in the 47 proportional
counter coincidence system, the 18F sources were transferred to
a stainless steel ring 0.1 mm thick, 20 mm in external diameter
and 10 mm in internal diameter to be measured in the 47 plastic
scintillator coincidence system.

F. Coincidence Equations

The value of source activity No was derived for '*F from the
generalized coincidence formalism [2], as follows.
The number of beta counts is given by:

Ng = aNyeg + bNyeoc
+aN, (1= eg) (2e, = (¢0)7) . (D)
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Where: N is the beta counting rate; a is the 41 branching
ratio; b is the electron capture branching ratio; €.. is the
efficiency for electron capture events; €g. is the annihilation
gamma-ray efficiency of the beta detector. ¢4 is the 87 particles
efficiency of the beta detector.

The detection efficiency for electron capture (ee.) in the PC
system has been estimated by extrapolation of known values
from ®1Cr, °4Mn and 133Ba coincidence measurements, and the
result is presented in section G. For the PS system, this effi-
ciency is nearly zero because the X-ray energy is only 0.53 keV
and the Auger electron energy is only 0.456 keV. The corre-
sponding pulses fall below the noise threshold. In this case,

Ng =aN,eg + alNo(1 — €g)[2€epy
—(es2)]. @

The number of gamma counts is given by:

N, =aN, (2¢, — €2). 3)

Where €, is the gamma detector efficiency. The coincidence
counts are given by:

N. = aN, (267 - e?y) {eg
+(1 = €p)[2ey — (e57)"]}. ()

1771

The factor of 2 in (1), (2), (3) and (4) accounts for the two an-
nihilation quanta emitted per 37 transition. The quadratic term
in (1) and (2) accounts for summing coincidences between an-
nihilation quanta from a given pair, both detected in the beta
detector.

Combining (2), (3) and (4), one obtains:

The gamma ray detector has been set to select only the total
energy absorption peak. In this case, the possibility of having
coincidence events coming from partial detection in the gamma
detector must be removed from (4) and (5). Taking this effect
into account (5) becomes [bottom of page]. After a few simpli-
fications, (6) becomes [bottom of page]. The parameter

1-N./N,
()
goes to zero when N, /N, approaches unity. Since the latter pa-
rameter is a measure of ez, the left side of (7) [bottom of page]
in this extrapolation limit gives the radioactive source activity.
The slope given by the numerator is partially compensated by
the denominator. As a result, the expected slope is small. Since
the Auger electrons and X-rays have very low energy (<0.6
keV), it was estimated that their detection efficiencies approach
zero. For this reason, the extrapolated value must be corrected
for the 8T branching ratio. Several measurements have been
performed by moving the lower discrimination level in the beta
channel, in order to change the efficiency. The activity and effi-
ciency parameters were obtained using the CONTAC [16] code

NsN,
N

alN,eg {1 + (1:—;") [26@7 - (657)2} } alNy(2¢, — €2)

e, = &) {en+ (1= ) [2er, = e,

&)
NsN,
Ne
alN,eg {1 + (1:—;") [26@7 - (657)2} } alNy(2¢, — €2)
- aNo {€5(2ey — €2) + 2eyepy (1 — €5) }
(6)
(1—eg) 2
NsgN, aNo {1 +0 [2657 — (€8+) ]} -
Nc¢
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TABLE II
COMPARISON OF ACTIVITY VALUES OBTAINED WITH CONVENTIONAL 47 (PC)
AND PRESENT 47(PS) SYSTEMS

Radionuclide System Activity (MBg/g)

18| 47 (PC)  0.2818 £ 0.0013

18R 47 (PS)  0.2823 £ 0.0014
TABLE III

PARTIAL UNCERTAINTIES INVOLVED IN ACTIVITY DETERMINATION
(IN PERCENT, AT 68% CONFIDENCE LEVEL). TYPES A AND B
ARE STATISTICAL AND SYSTEMATIC ERRORS, RESPECTIVELY

n " 1 "
00 01 02 03 04 05 06 07 08

e, Ne
Nf NY

Fig. 8. Extrapolation curve of NgN, /N, as a function of ((1 — N.)/
N.,)/(N./N,) for '8F. The correction for 3% branching ratio was not
included.

which performs corrections for decay, background, accidental
coincidences and dead time. The dead time correction was esti-
mated first by the values of MCA clock and live times. The ac-
cidental coincidences were then taken into account by applying
the Cox-Isham formalism [6], [17] to [N, /N,, parameter.

G. Results and Discussion

The source activity was obtained by linear least square fit-
ting of NgN.,/N. as a function of ((1 — N.)/N.,) / (N./N,)
using the LINFIT [18] code which incorporates covariance
matrix methodology and takes into account all correlations
involved [19]. Fig. 8 shows a plot of NgN,/N. versus
((1 = N.)/N,)/(N./N.,) for **F. The resulting slope of the
curve was (0.009 £ 0.015). This slope is zero within its uncer-
tainty. The highest 37 detection efficiency was around 85% for
the 47 3(PS), whereas it reached about 96% for the 47 3(PC).
Improvements in the system are planned in order to raise the PS
efficiency. The activity result for the PS system was obtained
by dividing the extrapolated value by the 31 branching ratio.
For the PC system the extrapolated value was corrected by
the S* branching ratio and partial contribution of Electron
Capture branching ratio, according to egc value (estimated
to be 0.25 £ 0.10). The results for the final activity per gram
of radioactive solution obtained for PS and PC coincidence
systems are shown in Table II. As can be seen both are in good
agreement within the experimental uncertainty. The partial
uncertainties involved are presented in Table III. The labels A
and B stands for statistical and systematic errors, respectively,
in accordance to the ISO Guide of Expression of Uncertainty in
Measurement [20]. The uncertainty in the dead time correction
was estimated by inserting a precision pulser in the middle of
the TAC spectrum during a coincidence counting measurement
and comparing the pulser peak area with the expected pulser
rate. The main uncertainty component for the PC system is due
to decay scheme branching ratio. This value was obtained by
combining the uncertainty in PC electron capture efficiency and

Source of Error Type of Error  4n(PC)  4w(PS)
Statistics per Data Point A 0.092 0.41
Extrapolation Curve A 0.23 0.30
Decay Correction B 0.22 0.29
Decay Scheme B 0.32 0.20
Mass B 0.10 0.10
Dead Time B 0.10 0.10
Total 0.47 0.51

the uncertainty in the branching ratio taken from the literature
[10]. This uncertainty is different from the other system because
in the PS case the electron capture efficiency was estimated to
be near zero. The total uncertainty was obtained by adding the
partial uncertainties in quadrature. This overall uncertainty are
comparable to those obtained in the NPL intercomparison [11]
and can be considered satisfactory for calibrating secondary
standard systems such as HPGe spectrometers and ionization
chambers.

III. CONCLUSION

The standardization of '8F has been performed at a
47(PS)B — v coincidence system which makes use of plastic
scintillators in 47 geometry. The results are in good agreement
with respect to a conventional system and presented similar
overall uncertainty. These results show that this new system
can be used for the standardization of positron-emitter radionu-
clides by the coincidence method.
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