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Summary

Electronics developed for a whole body
counting system analyze the pulse heights of
signals from both the sodium iodide (NaI(T1)})
and cesium iodide (CsI(Na)) crystals of a
phoswich scintillation detector. Pulse shape
discrimination is used to determine the ori-
gin of the scintillation, Nal or CsI, while
rejecting coincident Compton-scattered events
and photomultiplier tube noise. Both energy
spectra are accumulated simultaneously in
separate memory quadrants of a multichannel
analyzer. The system allows for low-energy
(5 keV - 125 keV) x-ray analysis from the
NaI(T1l) crystal and high-energy (100 keV -
2.5 MeV) x-ray or y-ray analysis from the
CsI(Na) crystal. The discrimination system
is better than 95% efficient over both energy
ranges, with a low-energy (12-24keV) shielded
background count of less than 2 cpm for a
single 5-in.-diam phoswich detector. This
system thus extends the detector's normal en-
ergy range by more than an order of magnitude.

Introduction

Many authors have utilized phoswich/twin-
crystal_detectors for low-level x-ray detec-

tion.1-5 Briefly, a phoswich x-ray scintil-
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lation detector consists of a thin NaI(T1)
crystal coupled optically to a single photo-
multiplier tube, The Nal crystal is used to
detect low-energy (less than 125 keV) photons,
while the CsI crystal acts as an anticoinci-
dence shield for higher-energy Compton-scat-
tered events. Pulse shape discrimination (PSD)
is then used to accept events with the charac-
teristic 0.25 us fluorescence decay time of the
NaI(Tl) crystal and reject events with the

1.1 us fluorescence decay time of the CsI(Na)
crystal or any composite decay time of the

two scintillators, i.e., coincident Compton
events. A block diagram of such a detection
system appears in Fig. 1. This configuration
typically yields shieided background counting
rates as low as 2 cpm for a 5-in., detector
over a 12-24 keV energy region with a 95% rel-
ative counting efficiency for the 17 and 60 keV
x-rays of 24lam. It should be noted that 100%
efficiency is the efficiency of the detector
without PSD. This system is used widely for
low-level whole body in-vivo lung counting for
plutonium, and it was the configuration used
previously in the LLL Whole Body Counter. The
additiona. capability of analyzing the higher-
energy (0.1 - 2.5 MeV) y-ray events detected
by the CsI(Na) crystai along with the low-
energy NaI(Tl) x-ray event has been achieved.
This additional information is directly useful
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Fig. 1. Diagram of the phoswich low-energy detection system.
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in accessing any high-energy emitters within
the body. Also, the higher-energy spectrum
can be useful in obtaining correlation betweon
a humar.'s high-level and low-level background
spectra.® This would provide a more accurate
means of accessing ones natural, uncontami-
nated low-level background when assaying for
plutonium or other low-energy photon emitters.
A detailed description of this dual energy
analysis system will be presented, and it will
be compared with a single crystal detector
systenm,

Detector Characteristics

Before describing the electronics used
to obtain the dual energy spectrum, a brief
description of the phoswich detector and its
scintillation time spectrum is required. tlhe
detector construction appears in Fig. 2., Fig-
ure 3 shows the possible photon interactions
that can occur within the crystals. The
photoelectric conversions are the events to be
accepted, and the Compton interactions in both
crystals are the events to be rejected. Fig-
ure 4 displays the curves for the percentage
of interactions vs photon energy for the phos-
wich detector. The_curves were generated
using the published’? photon cross-section data
for Nal and CsI. The percentage of photoelec-
tric interaction in each crystal illustrates
the detector's collection efficiency.

Figure 5 shows a typical scintillator
decay-time sggstrul from two phoswich detec-
tors with a Cs source. The smaller time
peak is a result of the lower-energy 32-keV
x-rays detected solely by the Nal crystal
yielding its characteristic 0.25-us fluores-
ence decay. The larger time peak is generated
bg the more-abundant, higher-energy (662 keV)
137¢s y-rays that pass through the thin Nal
crystal and are detected by the thicker Csl
crystal, which yields its characteristic 1.1
us fluorescence decay signal. The valley be-
tween the peaks represents the Cosmpton-scat-
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Fig. 2. Phoswich detector construction.
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Fig. 3. Possible photon interactions with
phoswich crystals. Photoelectric
(PE) and Compton Scatter (CS) wituout
pair production. Asterisk indicates
desirable,

tered eveats that have composite time spectra
dependent upon the amount of Trecoil electron
energy deposited in each crystal. Figure 6
shows a typical decay time spectrum in a
shielded 8iz background from two phoswich de-
tectors. As before, both the Nal and Csl
peaks appear, but the Compton-scattered events
gre masked by cosmic ray overloads that satur-
ate the electrenics. Therefore, a cosmic ray
overload blanking circuit was incorporated to
prevent spurious signals froas being counted.
This resulted in a 40% reduction in the 12-24
keV background. Just to the left of the Nal
peak is the faster photomultiplier tube {PNT)
noise region, which is a result of thermionic
electrons generated at the PMT photocathode
and dynodes.

Low-Energy Analysis

¥hen low-level photons are detected, the
Nal events are celected on the basis of scin-
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Fig. 6. Fluorescence decay time spectrum of
two phoswich detectors in a shiclded
air background.

tillation decay time., This is accomplished

by the pulse shape discrimination system shown
in Fig. 1. Basically, the pulse shape analyzer
(PSA) performs a time-to-amplitude conversion
on the amplified detector signals, and an in-
ternal single channel analyzer (SCA) is ad-
justed to efficiently accept Nal events and re-
ject all others. The lines marked LL and UL in
Figs. S and 6 show the SCA time window selected
to bracket the Nal time peak. The PSA gate
output thus enables the pulse height analyzer
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(PHA) only when the properly shaped signal is
recejved. Typica) low-energy spectra for 137cs
and Am obtained with this system appear in
Figs. 7 and 8.

Dual Energy Analysis

The technique for extracting the higher-
energy scintillation events in the CsI(Na)
crystal is similar to that of the previously
described Nal(T1l) crystal. That is, pulse
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Fig. 7. Low energy 137Cs spectrum with phos-
wich detcctor (calibration: 0.5 keV/ch).

shape discrimination is used to select detector
signals with decay times greater than approxi-
1 us. Figs. S and 6 show that no upper time
limit is required, since most other signal con-
tributors, such as PM tube noise, NaI(T1) events,
and coincident Cowmpton-scattered events, are of
shorter durstions than the characteristic 1.1
ps decsy time of the CsI(Ns) photoelectric
events. Thus, with minor modification, the
same pulse shape discriminator was utilized to
separstely detect both Nal and Csl events,
yielding an effective energy range from S keV
to 2.5 MeV, or a 500:1 ratio.

Electronics

Figure 9 shows the block diagras of the
dusl energy system, which operstes in the
folloving manner. Each phoswich detector has
its own high-voltage supply, which is sadjusted
so that both low-level detector sensitivities
coincide. Each detector operates with a
separste charge preamplifier whose outputs are
sumsed into three separate amplifiers. The
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Fig. 8. Low energy 241am spectrum with phos-

wich detector (calibration: 0.5 keV/ch).

first amplifier is a 1 ps double delay line
(DDL) type used in conjunction with the PSA.
The amplifier gain is set so that the low-
level Nal signals are reproduced above the
amplifier noise level and the high-level

Csl signals sre reproduced without amplifier
saturation. This requires a low-noise pre-
smplifier and s DDL amplifier with approxi-
mately 70 dB of dynamic range, a rise tine
of less than 100 ns, and excellent overlcad
recovery from cosmic ray events. The second
and third 1 us delsy line (DL) shaped ampli-
fiers are used for Nal low-level and Csli
high-1level pulse height analysis, respectively.
High-level Cs! amplifier (No. 3) has a gain
trim on one of the two inputs to match the
tvo Csl crystsls and the sensitivities of the
PHT's. The outputs of thesc two amplifiers
are delayed by 3 ps and fed to separate
linear gstes, which pass the signals to the
PHA mizer and routcr equipment. The linear
gstes sre slso controlled by an overload
discriminator that disables the gates fecr
100 us after a cosmic ray has overloaded

the DDL amplifier. The PSA generstes two
gate signals, one for each linear gate, de-
pending on the decay time of the detected
event. The PSA accomplishes this through
time discrimination of the DDL amplifier
signal by using the technique of constant
fraction of pulse height discrimination.8-10
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The PSA is a commercial unit' that has been”

Compton-scatter rise times in Fig. 5. An
modified by the addition of an Extra Upper

iair background time spectrux overlay is
Level (XUL) discriminator on its TiC ! generated in a similar manner in Fig. 12.
output. Normally, the unit produces ;(The figure has been split up for ciarity.)
a gatc signal labeled "window" when the fall

i Again the coincident Compton-scattered events
and cosmic ray overloads are eliminated along
with PM tube noise as compared with Fig. 6.
A typical 137Cs high-encrgy (662 keV)
Y¥-ray energy spectrum, Fig. 13, is accumulated

time of the input signal is within the time §
region bounded by the low level (LL) and upper |
level (UL) time controls, There is also a {
signal labeled UL that is generated when the
fall time excceds the window. The fall time

of a DDL shaped signal is proportional to its T -
rise time, which is proportional to the scin- csI {1.1us) o
tillation decay (see Fig. 10)., Thus, the LL 10 (highénergy)
and UL time controls are set to bracket the B .
Nal rise times as shown in Fig. 5. The "win-
dow’ signal is used to control the low-level |
linear gate, allowing only the delayed Nal i .

signals to be analyzed in quadrant 1 of the .
PHA. The Csl linear gate is then gated by

the PSA's XUL signal, allowing the delayed B N
Csl amplified signals to be analyzed in quad-
rant 2 of the PHA. Note that the XUL signal
i uscd instead of the UL signal in order

to reject Compton-scattered cevents., Figure ; °
11 shows an overlay of the PSA's TAC spectrum =
first gated by the "window®” and then gated by = - . 7
t.v UL signals for a 157Ccs source with two s .
phoswich detectors. Note the absence of the 3 5 .
c - . —
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Fig. 10. 1 us DPL amplificd 241Am detector Fig. 11. PSA time spectrum gated for selection
signal (calibration: 0.2 V/cm verti- of low and high energies of 137Cs
cal, 0.5 us/cm horizontal).

from the phoswich detector.
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Fig. 12, PSA time spectrum of air background
for the same regions selected in
Fig. 11,

in the PHA's second memory quadrant. The low-
energy (32 keV) x-ray spectrum of 137Cs appears
in the PHA's first memory quadrant and is iden-
tical to that of Fig. 7. Thus simultaneous
low- and high-energy analysis is schieved at
low to moderate counting rates typically en-
counterd with whole body or environmental
sample counting.

System Perforaance

The following energy spectra were accumu-
lated to display the energy analysis capabili-
ties of the system. Figure 14 compares air
background spectra that were obtained in the
LLL Whole Body Counter room with a 5 in. x
1/16 in. NaI(T1) FIDLERIZ detector, and with s
S in. phoswich detector. This figure shows
the results of the Compton suppression and
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Fig. 13. High-energy 137Cs spectrum with phos-
wich detector (calibration: 10 keV/ch),
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Fig. 14. Low-energy shielded air background
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crystal FIDLER detector (calibra-
tion: 0.5 keV/ch).
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noise rejection achieved with the phoswich de-
tector System compared to a8 single thin
crystal detector of identical size. As is
apparent, there is a background reduction from
15 to 1.5 cpm (a 10:1 reduction) in the 12-24
keV region and a 15 to 1.9 cpm (7.9:1) re-
duction in the 50-70 keV region at 96% rela-
tive counting efficiency when using the
phoswich. The reduction in the 12-24 keV
region is high due to a small amount of con-
tanination in the FIDLER Be window around
15 keV. For lower-energy x-rays. such as with
55Fe (5.9 keV), the phoswich counting efficiency
drops tc approximately 50% unless the P5A is
optimized for this energy region. As noted by
Landis and Goulding®®, pulse shape discrimina-
tion with a Nal detector can be utilized to
eliminate low-energy PMT noise., This was in-
vestigated by using the PSA on the single-
crystnl detector. It yielded 50% and 38% re-
ductions in background counts over the 12-24
kel regions, respectively, with 95% relative
counting efficiency. Naturally, the contamina-
tion counts and Compton interactions were still
present in the background., Thus, over the
12-24 keV and 50-70 keV regions the FIDLER-to-
phioswich background ratios changed to 5.4:1
and 5.0:1, respectively, when pulse shape
discrimination was used on both detectors.
Interesting results occur when both
dntectors, phoswich and FIDLER, are unshielded,
as in the case of field operations. Figure 15
shows the unshielded background coaparisons,
which indicate a considerable increase in
twount rate. Factors of 35 and 190 for the
yhoswich and 16 aad 73 for the FIDLEZR are
mwbserved over the 12-24 keV and 50-70 keV
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Fig. 15. Low-energy unshielded air bsck-
ground spectra for phoswich and
singie-crystal FIDLER detectors
(calibration: 0.5 keV/ch).
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regions, respectively. The decrease in stray
contamination and Compton scatter afforded by
the low-background-shielded LLL Whole Body
Counter “S very evident by this comparison
since the minimum detectable activity (MDA)
is proporcional to the square root of the
backgrourd.

Fifure 16 shows the phoswich high-energy
air background spectrum accumulated at the same
time as Fig. 14, The natural 40K peak appears
along with the various Compton interacticns and
the positron annihilation peak. Using the XUL
time discrimination instead of the UL on the
CsI detector has reduced the background, mainly
in the region below 1 MeV, while still main-
taining 95% relative counting efficiency from
100 keV to 2.5 MeV. As seen in Fig. 4, the
percentage of photoelectric, Compton, and pair
productien interactions for the 1 1/2-in.-thick
CsI portion of the detector must be considered

in determining the overall detector collection
efficiency.

Subject Background

The spectra in Figs. 17(a) and 17(b) were
obtained while lung counting a normal individ-
ual with no plutonium contamination. There
is an appreciable increase in both the low- and
high-energy spectra compared to an air back-
ground because of scattering from the body and
the additional 40Kk and 137Cs present in the

body.
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Fig. 16, High-energy shielded air back-

ground spectrum with phoswich de-
tectors (calibration: 10 keV/ch).
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Fig. 18. (a) Contaminated subject low-energy
spectrum vxzh two phoswich detectors-
33 nCi of 238Py (calibrated: 0.5 keV/
ch).

(b) High-energy spectrum from lung
count in 18a (calibration: 10 keV/
ch).

Backgrounds in humans vary fros about
3-7 cps in the 17-keV region used for Pu
analysis because of differences in the physical
size and the natural radioactivity content of
the individual, and these backgrounds can



easily mask the weak x-ray emission from small
amounts of Pu deposited within the lung or
other parts of the body. Body structures such
as bone, ribs, muscle, fat, and the heart ab-
sorb the soft 17-keV x-rays, whose equivalent
half-thickness in tissue is about 6 mm, to such
a degree that very few x-rays are available at
the body surface for counting. Detector size
and counting position are also important be-
cause of variabie deposition in the body.

For an average-size porson with one
maximum permissible lung burden of 239pu
(16 nCi), only about 1-2 x-rays/min are de-
tectable at the chest surface over the area
viewed by the detectors, For this reasorn, it
is very important to determine accurately the
person's normal uncontaminated background.

The spectra in Figs. 18(a) and 18(b) were
obtained from an individual with approximately
33 nCi of 233Pu, or about 2 lung burdens. When
these spectra are compared with one for a normal
uncontaminated subject (Fig. 17(a)) of similar
size, the difficulty of the assessment is
apparent, even though the detector efficiency
for 238py is more than a factor of 2 greater
than for 239pu, an approximate background
match can often be made by carefully selecting
an unexposed inJividuai of the same height,
weight, shape, and natural radioactivity con-
tent; but sometimes the right subject for
comparison is not easily obtained, nor is a
current, normal background usually available
for the exposed subject.

It therefore becomes necessary to devise
other means of assessing a person's natural,
uncontaminated background. This has been done
by using a portion of the x-ray spectrum at
higher energy, where it is unaffected by the Pu
contaminant, to predict the normal uncontaminated
background in_the lower-energy or Pu region of
the spectrum. By using the high-energy CsI -
spectrum from a lung count, an eStimate of the
scatter contribution into the low-energy
spectrum can also be obtained. At present, a
background study of uncontaminated laboratory

-9.
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personnel is being made to find the best re-
tions of correlation between the x-ray and
high energy spectra.
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