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-Ray Spectroscopy using a Hollow Plastic
Scintillator |

D. G. GARDNER* and W. W. MEINKE
Department of Chemistry, University of Michigan,
Ann Arbor, Michigan

Specially designed plastic scintillators employing a hollow construction to minimize electron
scattering have been used to study accurately f-spectral distributions down to energies of less
than 0-1 MeV. This inexpensive addition to a scintillation y-ray spectrometer makes possible
resolution of the f-spectra of isotopic mixtures. This unit is of particular importance in
multiple tracer studies involving pure f-emitters.

LA SPECTROSCOPIE DES RAYONS g UTILISANT UN SCINTILLATEUR
CREUX EN PLASTIQUE

Des scintillateurs en plastique particulierement dessinés ayant une forme de construction
creuse, afin de mettre au minimum la dispersion des électrons, a servi a ’étude précise des
distributions spectrales de rayons § jusqu’a des énergies de moins de 0,1 MeV.

Cette addition peu cotteuse a un spectrometre a scintillation pour rayons y rend possible la
résolution des spectres 8 des mélanges isotopiques. Cet élément a une importance particuliére
aux études a indicateurs multiples comportant des émetteurs f pures.

p-CIIERTPOCHOIINA C IIPUMEHEHWEM HOJBIX
COUHTUJLIATOPOB U3 ITJACTMACCEI

IMomble NAACTMACCOBHBIE CLHUHTHIATOPHL H3 0COGOM KOHCTPYKIMU, DPAcCUMTAHHBE HA
YMeHbIIIeHIIe PACCeAHNA BIEKTPOHOB, GBLIN 1IPUMEHEHH! [IIs1 TOUHBIX U3MepeHuii f-CIeKTpa
npu aHepruax mmke 0,1 MaB. 9T0 Hepgoporo crololiee 7oGaBiIeHNe K CUMHTHIIAIMOHHOMY
y-CIIEKTPOMETPY AAeT BO3MOKHOCTE PA3pPemarh f-CIeKTPLl UB0TONHLIX cMeceit. ITOT npubop
0CcOEHHO MPUTOIEH TIA MCCAeTOBAHKN, CBABAHHLIX ¢ NpPHMeHeHHeM HeCKOJIbKUX HM30TOTOB,
ABIAIOMIXCS YICTHIMA $-H3IYIATeIIAMI.

B-SPECTROSKOPIE MIT HILFE EINES HOHLEN PLASTIKSZINTILLATORS

Zur genauen Bestimmung der spekiralen Verteilung von pg-Strahlen bis zu Energien
niedriger als 0,1 MeV wurde ein besonders konstruierter Szintillator verwendet, dessen innere
Hohlung die Streuung der Elektronen auf ein Minimum herabsetzt. Dieser ziemlich billige
Erganzungsteil zu einem Gamma-Spektrometer ermdglicht die Messung von f-Spektren in
Gemischen von verschiedenen Strahlem. Das Gerat ist besonders geeignet fir multiple
Indikatoruntersuchungen bei welchen reine g-Strahler verwendet werden.

In the past few years y-ray spectroscopy has
become increasingly more common in the
industrial and biological research laboratory.
p-ray spectroscopy has not, however, ex-
perienced the same growth. This is unfor-
tunate because in many instances g-spectral

information would be preferable to p-ray
data in the identification and/or assay of
radioactive species.

A p-ray spectrometer would be useful
when working with such isotopes as S35 and
P32 which do not emit y-rays; e.g., the

* Present address: Westinghouse Electric Corporation, Pittsburgh, Pa.
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amount of P% in a P32 sample could be de-
termined without the necessity of following a
decay curve for months. In experiments with
mixed tracers which emit similar y-radiations,
beta spectral analysis would be an alternate
method for obtaining the relative abundance
of each tracer. In addition, the f-spectrum
would be another means of characterizing an
unknown activity in a radioactive mixture.
The limited availability of simple, low
cost f-ray spectrometers has restricted their
use in the past. This paper describes a type
of spectrometer using a hollow scintillation
detector which has permitted the study of

233

beta spectral distributions down to energies
of less than 0-1 MeV. The resolution of this
hollow detector is shown to be much better
than that of a flat detector of the same scin-
tillation material. Further advantagesinclude
simplicity of construction and low cost. The
detector operates with a 27 geometry in an
air atmosphere which facilitates source
changing, and requires relatively small
amounts of activity.

This spectrometer is sufficiently accurate
for most routine needs and represents an
inexpensive addition to any scintillation y-
ray spectrometer.

p-RAY SPECTROMETERS

Magnetic spectrometers provide excellent
p-spectral determinations, but they possess
certain drawbacks. Their excellent resolu-
tion is accompanied by a low transmission
which requires high sample activity. Their
vacuum system Iimposes restrictions on
sample preparation and ease of sample
changing. In addition they have a relatively
high cost.

f-scintillation spectrometers utilize p-sensi-
tive fluorescent detectors which can be made
interchangeable with detectors in a y-ray
scintillation spectrometer. In the usual
arrangement? the detector is mounted
on a photomultiplier tube with the f-ray
source placed at some short distance in
front of the detector. This arrangement,
however, tends to distort the G-spectrum
since some of the [-particles will be scattered
out of the phosphor, leaving only part of

their energy behind. In many cases this
leads to significant distortion over the lower
two-thirds of the spectrum.

A method designed to circumvent the
scattering effect® requires that the sample
be placed within the detector. This method
is restricted to pure f-emitters, since any
p-ray background cannot be subtracted.
In addition, energies of radiations emitted
in coincidence but at different angles will add,
thus producing spurious pulses representing
the sum of the energies of these radiations.

In 1950 P. R. BELL suggested an arrange-
ment known as the Hollow Crystal Spectro-
meter.®=7 In this instrument the f-rays are
collimated into a conical hole in the phos-
phor, thus reducing the probability of escape
of scattered p-rays. A modified version of
this type of spectrometer has been developed
and is described below.

DESCRIPTION

A plastic scintillator was chosen for this
spectrometer because it is less expensive,
easier to machine, and less fragile than
organic crystals.* Fig. 1 shows the cross-
sections of the three detectors that were con-
structed. They were designed for maximum
p-energies of 1-5, 2:2 and 3-6 MeV, respec-
tively. Each detector is constructed in two
parts consisting of a flat, solid, right circular

cylinder used as the base, and a top piece in
the form of a hollowed-out cylinder or
truncated cone. The faces of the pieces are
polished, and then the top optically con-
nected to the base with silicone fluid.

The hollow detector is next wrapped with
1-5 mil aluminum foil except for the hole in
the top and mounted on a photomultiplier
tube as in Fig. 2. Each radioactive sample

* The particular plastic phosphor chosen was Sintilon, produced by National Radiac Company, Newark, N.J. It is

similar in performance to frans-stilbene.
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Fra. 1. Cross-sections of the three hollow plastic scintil-

lators.

is mounted on 0-25 mil Mylar film coated
on the reverse side with a thin layer of
aluminum. The mounted sample is then
covered with a 0-25 mil film of transparent
Mylar and pressed tightly to the top of the
detector over the entrance hole. The
aluminum backing of the sample completes
the light-tight reflector surrounding the
detector. A rubber cap is finally placed
over the detector and phototube housing
to guard the detector from outside light.
Calibration of the spectrometer is accom-
plished using conversion electron peaks from
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Int¥ Sn't3 and Cs'®7, and also by measuring
p-spectra with known maximum energy and
shape. I'or the particular phosphor used
here, the heights of the output pulses from
the photomultiplier tube are linearly pro-
portional to energy from about 0-1 MeV to
at least 36 MeV. In the range from 0 to
0-1 MeV the calibration curve was approxi-
mated by continuing the calibration plot in
a smooth curve down to the origin. A
correction was made for the energy lost by
the f-particles as they passed through the
Mylar sample cover and through the air
inside the detector.®™

CALCULATION

It is, in general, more difficult to analyze
a beta spectrum than a y-spectrum, but
since digital computers have become more
available, this need no longer be a major
problem. The spectra to be presented here
have been analyzed‘® on an IBM 650 com-
puter where the average machine computa-
tion time was less than 4 min per spectrum.

The shape of the f-spectral distribution
may be represented by the following equa-
tion:

N(W) dW o pW(Wy — W)E(Z, W)
[M2]dW. (1)

Here N(W) is the number of g-particles
emitted with energy W, W, is the maximum
beta energy, p is momentum, F(Z, W) is a
Coulomb factor, and M? is a nuclear factor

whose form depends upon whether the
transition 1s allowed or forbidden. Re-
writing equation (1), we have

N(W) ! ) o
[PWF(Z, W)[j\{z]—J o Wy —W. (2)

A plot of the left hand side ot equation (2)
against energy W is called a Kurie plot and
vields a straight line intersecting the abscissa
at W,, the maximum p-cnergy. Tables of
the function pWF(Z, W) are available from
the National Bureau of Standards.® If the
B-transition is allowed, [M?] ~ 1 and is
independent of energy. If the transition
is forbidden, [M?*] may be a complicated,
energy-dependent function. Some of the
Kurie plots discussed later are of forbidden
transitions of a type that is particularly easy
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to handle. These are the “unique’ first-
forbidden transitions where

[M2] = o = (W2 — 1) *+ (W, — W)
(3)

The symbol V' N/F will be used in the sub-
sequent figures to represent {NW/[pWF(Z,
WH112. The symbol « will be used to indi-
cate that a correction for forbiddenness has
been made.

The beauty of the Kurie representation is
that a linear extrapolation of the plot will
yield the maximum energy W, and also that
it is a simple means of testing a spectrum for
the allowed shape. If there is more than one
beta transition present, the complex Kurie
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plot may be resolved to give a straight line
for each component. The relative abundance
of each p-ray group may then be determined
from the area under each straight-line curve.

It is somewhat more convenient to use
relativistic or rest mass energy units rather
than MeV when correcting spectra for for-

biddenness. The two units are simply re-
lated by the following equation.
E
= gt + L (4)

where W is energy in relativistic units, £ is
energy in MeV, and me? is the rest mass of
the electron (0-5109 MeV). When the tran-
sition is allowed, it is usually more convenient
to substitute £ for each W in equation (2).

PERFORMANCE

A number of corrections can be made to
improve the relatively poor resolution of a
scintillation f-ray spectrometer. In the
following discussion the spectra have been
corrected for resolution near their maximum
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Fic. 3. y-Ray backgrounds in the three plastic detectors.

energy endpoints only. (The resolution
correction procedure is discussed at the end
of this paper.)

y-Ray background. The plastic f-ray de-
tectors used here are also somewhat sensitive
to y-rays. Therefore, if y-rays are present in
a sample, the p-background must be sub-
tracted from the gross curve to get the j-
spectrum.  The y-background may be
obtained by placing an absorber in the
entrance hole of the detector under the
sample. The magnitude of this effect is

shown in Fig. 3 where the backgrounds in
cach of the thrée previously described
detectors have been normalized to a Cs'3?
f-ray spectrum. Assuming an equal number
of f-rays and y-rays in Cs'37, the ratio of the
y- to f-efficiencies in the usual experimental
set-up is roughly 0-23 for the 3-6 MeV
phosphor, and 0-15 and 0-11 for the 2-2 and
1-5 MeV phosphors, respectively.

Because of this background effect it is
desirable to place the sample right at the
entrance of the detector, rather than placing
it a short distance away and using a colli-
mator to direct the (-particles onto the
bottom of the detector. The latter method
not only does not improve the resolution,
but also greatly increases the ratio of y-rays
to p-rays detected (assuming that the
collimator does not appreciably reduce the
number of y-rays striking the detector).

Intercomparison of the three detectors. The per-
formance of the 2-2 MeV detector is some-
what superior to the other detectors for
f-rays up to ~2 MeV. The reasons for this
include the following:

(1) The much larger size of the 3-6 MeV
detector contributes to greater light scatter-
ing and a lower optical transmission.

(2) The optical interface between the top
and bottom parts of an assembled detector
is appreciably smaller in the case of the
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1-5 MeV detector than {or the 2-2 MeV
detector.

These effects cause the resolution of the
2:2 MeV detector to be somewhat better
than the others, as shown in Table 1. These

TasLE 1. Resolution of the three phosphors for the
Cs*® conversion electron peak

Resolution uncorrected

Phosphor l
) P | o
1-5 MeV ' 147
22 MeV { 14-0
3.6 MeV i . 15-8

resolutions have not been corrected {or the
higher energy g-ray present in Cs'37, nor for
the smearing of the low energy edge of the
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Fic. 4. Effect of sample backing on shape of the
Kurie plot of Cst?7,

peak. The true per cent resolution would be
somewhat smaller in each case. Since a
correction for resolution can be made, the
advantage in using the 2-2 MeV detector is
only slight.

Effect of sample backing. Essentially any
amount of backing upon which the sample
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rests will cause some distortion of the p-
spectrum due to backscattering. It is also of
interest to compare light reflecting backings
with transparent ones. Fig. 4 shows Kurie
plots for Cs'¥7 obtained using various sample
substrates. The top curve is for the alumi-
num-coated Mylar normally used, and shows
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Fic. 5. Effect of sample thickness on the
Kurie plot of Cs#,

much less distortion than the others. The
bottom curve shows the results for 0-25 mil
transparent Mylar (no aluminum coating).
The two center curves were obtained by
placing first one and then nine 6 mil
aluminum discs behind the transparent
Mylar backing. Further work along these
lines showed that for most purposes it was
not necessary to use extremely thin films (of
the order of mg/cm?) or sample mountings.

Thick samples. Occasionally carrier-free -
sources are not available, and the best
sample that can be obtained is one of high
specific activity. Since any weighable sample
will tend to distort the f-spectrum, it is of
interest to determine the magnitude of this
distortion. In Fig. 5 a carrier-free source of
Cs'37 is compared with a source made by
mixing finely powdered BaCO, with the
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Cs137 activity. The thick source had a
surface density of ~3-6 mg/cm? While dis-
torted, the thick sample still yields a usable
Kurie plot over a portion of the range.
Forbidden spectra. A f-ray spectrometer
must be accurate enough to distinguish
between the shapes of allowed and forbidden
spectra. Without this information the resolu-
tion of complex spectra may be extremely
difficult if not impossible. To evaluate this
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Fic. 6. Kurie plot Cs*¥ showing effect of forbidden
correction term.

spectrometer a number of “unique” forbid-
den spectra were examined Fig. 6 shows
the results for Cs!37. The pronounced
difference in shape, i.e. the skewing of the
uncorrected spectrum toward higher energies
is typical of forbidden spectra.

Complex spectra. If there 1s more than one
beta emitter present in a sample, it may be of
interest to determine the relative abundance
of each emitter. I'ig. 7 shows the Kurie plot
obtained when a Cs37 and a Pm!7 sample
were examined simultaneously. After the
Cs137 component was subtracted, the allowed
Kurie plot for Pm7” could be calculated.
This resolved curve is presented in Fig. 8.
The area under each Kuric plot was com-
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Fic. 7. Kurie plot of Cs!37 - Pm!47 mixture.
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Fre. 8. Kurie plot of Pm!*7 resolved from
Cs137 + Pm147 mixture,

pared with the Kurie plots taken individually
on ecach sample. The ratio of the areas in
the mixture was within 4 per cent of the ratio
from the individual samples.
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The apparent straightness of the Pm!4?
Kurie plot, down to ~0-05 MeV, is some-
what accidental. The Kurie plot obtained
on the Pm*7 sample alone was straight down
to ~0-08 MeV where the observed points
began to fall below the straight line. The
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Fic. 9. Kurie plots for P*? from both flat
and hollow detectors.

upward curvature of the Cs137 Kurie plot at
low energies was not taken into account
when it was subtracted from the plot of the
mixture. Hence the resolved Pm!7 curve
contained a Cs'®7 component which obscured
the true shape at low energies. Correction
for instrument resolution over the entire
mixed spectrum would have eliminated much
of this difficulty, and would have produced
more accurate results for the ratio of the
components.

Comparison with flat detectors. A comparison
was made between the performance of the
hollow detector and a flat detector. The
base of the 2:2 MeV hollow detector was
covered with 1-5 mil aluminum foil, and was
used as the flat detector with the source
2-2 cm from the detector along its axis. The
resolution for the Cs!®7 conversion electron
peak was 24 per cent for the flat detector
and 14 per cent for the 2-2 MeV hollow
detector. Conversion peak to valley ratios
were 4/1 and 6/1 for the flat and the hollow
detectors, respectively. The improvement in
resolution by a factor of more than 1-7 is
important since the spectra are thercby less
distorted and resolution correction over the
entire spectrum may not be necessary.
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Fig. 9 shows the allowed Kurie plot for
P32 obtained on each detector. While the
flat detector produces a Kurie plot that is
linear over about half the range, the plot
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Fic. 10. Effect of resolution correction near the
endpoint of f-spectra.

from the hollow detector is linear over more
than three-quarters of the range. On both
curves the sharp upward curvature at the
lower end is due in part to P3% in the sample.

Correction for instrument resolution. Because of
the low resolving power of scintillation g-ray
spectrometers, the observed spectral shape
does not correspond exactly to the true shape.
In fact, at both the low energy and the high
encrgy ends, the distortion usually proves to
be very significant. The experimentally
measured spectrum M (W) is related to the

truc spectrum N(W) by the following
equation:
w,
MW) =] NW)S(W)dW
0

~Z.NWIS(W)AW  (5)

where W is energy, W, is the maximum f-
energy, and S(W) is the so-called instrument
profile or line shape.

Several articles®19,11,1% have appeared
discussing the correction for instrument



B-Ray spectroscopy using a hollow plastic scintillator

resolution assuming a Gaussian distribution
for the instrument profile. This works well
enough at the high energy end, but uniformly
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Fic. 11. Experimental conversion peak profile for Cs'®.

fails to eliminate upturns at low energy.
Fig. 10 shows the effect of this type of
correction near the maximum energy using
the method of Parmer and LasLerT.(®
Perhaps the best approach to the resolu-
tion problem was put forth by FREEDMAN et
al.*® in June, 1956. They assumed that the
instrument profile was not symmetrical.
Following their approach and using coinci-
dence methods, the conversion electron peak
of Cs®7 was measured on the 22 MeV
hollow detector and is shown in Fig. 11. It
can be seen that the curve extends all the
way down to zero energy at a constant value
of 5 per cent of the peak height. Using this
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line shape the Kurie plot for Cs'®7 was
corrected and is shown in Fig. 12. Now the
Kurie plot is straight down to ~0-05 MeV.
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Fic. 12. Effect of non-Gaussian resolution correction on
Cs?¥ Kurie plot.
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