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I. Introduction

In recent years there has been an increased interest in the fields
of beta dosimetry and beta spectroscopy. The reasons for this are
principally twofold. First, it has become apparent that situations
exist in which beta fields of appreciable energies are present.
Reprocessing facilities have bean cited as one exampla. Second, current
dosimetry techniques have been shown to yield unsatisfactory results in
the measurement of absorbed dose due to beta radiation. Consequently,
studies are currently being performed whose purpase is the development
and evaluation of new beta dosimeters. In conjunction, work is underway
to develop a beta spectrometer applicable in field use to provide
guidance in beta dosimeter design and implementationm.

Work in the field of non-magnetic beta spectroscopy dates back into
the mid 1950's. Numerous extensive studies were performed during the
period 1955-1965. Following this period, interest began to decline, and
few works have been published since.

There are two major differences between past and current work in
the field of beta spectroscopy. One difference is the present emphasis
on measurement of the total beta spectrum based upon the desire for
accurate average energy determination. Past work was primarily concerned
with measurement of the higher energy portions and endpoints of beta
spectra. The second difference is that past work was solely of a
laboratory orientation in contrast to the field orientation of present
work.

The objective of this study was to provide a survey type evaluation

of two detector types under consideration for use in beta spectroscopy,



plastic scintillator and high purity germanium (HPGe) detectors.
Emphasis was placed on usability for both average energy and endpoint
measurements.,

Subjects covered include beta decay theory and detector respomnses
to incident beta particle, gamma=-ray and conversion electrom radiation,
Detector evaluation was based principally upon comparison of theoretical
and measured beta particle erergy distributions for selected beta-minus
emitting isotopes. Gamma-ray discrimination and application data are

presented for the plastic scintillator based spectrometer systems.



II. Beta decay and the beta spectra

Unlike alpha-particle or gamma-ray emission, beta particle decay
exhibits a continuous energy spectrum rather than one composed of a
series of moncenergetic particles. In the early 1930'5,l the study of
beta decay led to the discovery of the neutrino and the postulation of
the negatron and position decay reactions given by

n+p+e +9v+0Q, and (2.1)
p+n+e++\)+Q. (2.2)

To fulfill the requirements of beta emission, the neutrino, v, and
anti-neutrino, v, carry away energy, linear momentum, and angular
momentum, Additionally, they must possess a spin of 1/2.

Based upon reactions (2.1) and (2.2), Fermi developed the first
satisfactory quantum mechanical theory of beta-decay, which has been in
a state of constant development every since. To date, an "exact" theory
does not exist. The theoretical models available comsist of
approximations to quantum mechanical solutions of the Dirac and
Schr8dinger equations for an electrom in an electrostatic field.2

In general, the probability of beta emission with total
relativistic energy W in units of electron rest mass energy, between W

and W + dW is given by 4

N(W)dw = c|M|? F(iZ,W}Sn(W)W(WZ-l)1/2(W0-W)2dW, for e; ; (2.3)
in which
F(+Z,W) = electron density ratio,
C = a constant,

[M|2 = the square modulus of the transition matrix element,



Sn(W) = unique shape factor, and
WO = maximum transmission energy.
Total relativistic energy W is related to kinetic energy Ek by
W= Ek/mocz +1. (2.4)

For allowed spectra, or non-unique forbidden spectra, S

I
w0
]
=

.

For first, second and third unique forbidden spectra, however, the shape

factors are, respectively,

5, (W) = Gy % (WO-W)2 , (2.5)

5, (W) = we-0? + (wo-wn‘* + }%cwz-l)cwo-mz, siridd (2.6)

s, = -1 + G0’ + 762D G ey + @t L @D

A. The Electron Density Ratio

Specific evaluations of the electronm density ratio F(+Z,W), also
known as the Fermi function, can be obtained from solutions of the
non-relativistic Schrddinger or the relativistic Dirac equations for an
electron in an electrostatic field.

Treating the nucleus as a point charge and using the
non-relativistic Schrddinger equation for an electron in a point charge

field, the electron demsity ratio becomes3

21V
F(+Z,W) = —————— , (2.8)
(1 - eZﬂv)
7
in which, for e ,
v = +ze? /1y, (2.9)

= +Za(c/v), (2.10)



where c is the speed of light, v is the electron's velocity, and ¢ the
fine structure constant approximately equal to 1/137., The parameters e
and Bl represent the electronic charge and Plancks constant,
respectively.

Relativistic corrections may become important despite the fact that
the high velocity particles (v+c) are the ones that should be least
affected by electrostatic forces, The relativistic effects may be taken
into account by using a solution of the Dirac, rather than the

Schr¥dinger, equation. The corresponding expression for F(£Z,W), is

R 2
F(*Z,W) = TT2s) |2 %iﬂ e Wo-1)° |r(l+s+iy) |, (2:11)
where
g = szaw/ (-1 | for oF (2.12)
s= (- (Y2 -1, and (2.13)
A, = B/mc = 386 x 107 en, (2.14)

= the rationalized Compton wavelength of an electrom.

The nuclear radius, R, is given by

-1/3 13

R = (1,123 Al/3 - 0.941 A ) x 10 cm. (2..15)

To avoid complex gamma functions calculations, it is possible to
utilize the Bethe-Bacher approximation to |I(lt+s+iy)|?:
|T(L+s+iy) |2 = |T(Ll+iy) |2 (y241/4)5, (2.16)
= (my/sinhry) [ (2222+1/6)W2-1/41°. (2.17)
When (aZ)2<<l, as is the case for all but heavier nuclei the
parameter s is approximately equal to zero and the complex gamma
function is well represented by2
|T(1+iy) |2 = (@) 111, (2.18)

= ty/sinhmy . (2,19)



Under these conditions, Eq. (2.11), the Dirac solution, can be
shown to cecincide with the non-relativistic Schrddinger solution, Eq.

(2.8).

B. Self-screening corrections

In dealing with the low energy portions of spectra from heavy
elements, the assumption of a point charge coulomb field needs some
correction for the self screening effect of the atomic electroms. To

correct for the screening, F(*Z,W) should be replaced by4

_ (W-T-VO)Z-I 1/2 w-T-vO s
W F ) —mm— | v fere o (2.20)
where
v, = 1.13a22%/3 . (2.21)

C. Adequacy of the thecretical models

In general, two parameters of a beta spectrum are of interest, the
average and spectrum endpoint energies. Although both relativistic and
non-relativistic theoretical models exhibit identical endpoint energies,
their average energies can be significantly different., Figure 2.1 is a
compariscn of the 36Cl spectrum calculated using the non~relativistic
model, with no self-screening correctiom, and the spectrum calculated
using the relativistic model, incorporating both a self-screening
correction and the Bethe-Bacher complex gamma function approximation.
Table 2.1 contains a comparison of the calculated and published average
energies for selected isotopes. The relativistic model demonstrates

excellent results, except in the case of high Z nuclei, in which cases

the nucleus may be over-idealized as a point ch&rge.2
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FIG. 2.1. Comparison of the 36Cl beta spectra as

calculated using the non-ralativistic model, without
self-screening correction, and the relativistic model,
incorporating both a self-screening correction and the
Bethe=-Bacher complex gamma function approximation.



Table 2.1 Comparison 9f published with calculaced average energies for
tha relacivistic and non-relativistic theorecical models.

Published a Relacivistic Model Nom-relativistic Model

Isotape A Z Averaga cfnergy Average Znergy Average Energy

iMaV} {Mev} (MaV}
P 32 15 0.6950 0.6933 2.7630
8 35 18 0.0488 0.0485 0.0501
cl 36 17 0.2525 0.2523 0.2695
Ca 45 20 0.0773 0.0775 0.0802
Y 90 39 0.9367 0.9270 1.1376
v 185 74 0.1440° 0.1402 0.1706
T1 204 81 0.2433 0,2352 0.3232

dvrom M.J. Berger, J. Nuel, Med., 12, Supplement ¥o. 5 (1970).

hFrom Table of Isotopes, 7th ed., John Wiley and Sona (1978).



D. The Kurie Plot
It is often convenient to represent beta spectra using what is
known as a Kurie plot. If Eq. (2.3) is rewritten in the fcrml

172
1/2

N(W)
c|M|2F(£z,W)s_(WW(W2-1)

0~ W, (2.22)

it is apparent that the value on the left-hand side of Eq. (2.22) is
linear with respect to W, and possesses an intercept WO on the W axis.

A plot of the calculable quantity on the left-hand side of Eq.
(2.22) versus relativistic total energy W for experimental data, is
known as a Kurie plot. In such a form, experimental beta spectra are
easily compared with their theoretical counterparts.

Some deviations from linearity in Kurie plots are seen in the low
energy end.4 In nearly all cases, however, the high energy end is
linear, allowing extrapclation of a fitted regression line for

experimental endpoint determinacions.“‘5
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III. Beta spectrometer systems

A. Introduction

Two distinctly different beta particle spectrometer systems were
chosen for evaluation, one based on the BC-400 plastic scintillator and
the other on a HPGe detector.

The cylindrical BC-400 plastic scintillators utilized were of 50.8
mm diameter and ranged in thickness from nominally 5 to 20 mm. Each
BC-400 scintillator was fitted with a 9 um Al (2.43 mg/cmz) entrance
window,

The HPGe detector evaluated was 5 mm thick and had a 25 mmz active
area., The detector assembly was factory equipped with a 2 mil thick Be
(9.40 mgfcmz) entrance window.

The specific detector types were selected for several reasons.
First, both detectors can be designed and constructed in configurations
possessing an ultra-thin entrance window. This is a critical
requirement for beta particle studies which require minimal entrance
losses, Second, both detectors are commonly available in thicknesses
sufficient to stop even high energy (greater than 4 MeV) beta particles.
This is not true of silicon detectors, normally available only in
thicknesses sufficient to stop beta particles with kinetic energies less
than 2.5 MeV, Additionally, the HPGe detector demonstrates a low
ambient temperature sensitivity due to being liquid nitrogen cooled.
The plastic scintillator has the advantage of being a low atomic number
material, nearly tissue equivalent, and is readily available in nearly

any geometry at a low cost.
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Differences in the responses of the two detector materials, for
incident electrons, can be predominantly attributed to their dissimilar
atomic numbers. Germanium and plastic exhibit markedly different
stopping powers, as shown in Fig. 3.1. This difference influences both
electron ranges in the media, illustrated by Table 3.1, and the nature
of the low-energy electron responses of the detectors.

Backscatter of incident electrons from the detector, a property
strongly dependent upon atomic number, is alsc significantly different
for the two materials. In the case of plastic scintillators,
backscatter events are nearly negligible, whereas for germanium
detectors, they can, unfortunately, represent a large fraction of all
events.e'7 Backscatter coefficients p , defined as the fraction of
normally incident electrons which are backscattered from the detector
surface, are compiled in Table 3.2 for the two detector materials.

An important consideration for any beta spectrometer system is its
sensitivity to X- and gamma-rays. The photon response of the two
detectors evaluated is primarily determined by their individual mass
absorption coefficients. Tables 3.3 and 3.4 and Figs. 3.2 and 3.3
{1lustrate that over the majority of the photon energy range of
interest, i.e., 0.1 - 3.0 MeV, photon interactions in the plastic
scintillator material will be almost entirely Compton events, whereas,
in germanium, a mixture of Compton, photoelectric and pair production

interactions will occur.

B. The BC-400 based beta particle spectrometer

1.0 System description
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FIG, 3.1, Total electron stopping power for germanium
and plastic materials., Plastic material stopping power
is for polyethvlene with a density equivalent to BC=-400
plastic scintillators., (Berger and Seltzer, Tables of
Energy Losses and Ranges of Electrons and Positrons,
National Bureau of Standards, 1964)
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TABLE 3.1. Electronm energy versus zers traansmission range.

Elactron Range in Range in

Energy Germaniua Plastie Scimsillator
(2eV) (zm) : (=)
C.0% 0.00¢9 0.0024
Q.05 0.0126 0.042
0.10 0.0434 0.1450
0.50 ¢.501 LaZ3
0.80 0.9189 3.24
1.00 1203 4,29
1.20 1,488 3.36
1.50 1.907 8,598
1.70 2.183 3.02
2.00 2.591 9+81
2.20 24858 10.7
2,60 3,384 12,77
2.80 3.642 13,81
3,00 3.896 14,85
3.50 4,319 17.42
4,00 5.123 19.97

Trom M. J. Berzer and S. ¥. Selczer, Tables of Znargy Losses aad
Aanges of Elsctrons and Ila2ctrons and Positroms, Vacicmal Zuraau
of Standazds, 1964,



Table 3.2,
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Tabulated backscatter coefficients

for germanium and plastic scintillator
material as a function of increasing
electron energy.

Electron energy

Backgcatter coefficient p

{MeVv} Germanium® Plastic scintillator
0.10 0.296 &

0.25 - 0.080

0.50 0.276 0.053

0.75 - 0.040

0.80 0.258 &

1,00 0,245 0.032

1,25 - 0.030

2,00 0.186 -

8peference 7.

bReference 6.



TABLE 3.3. Compton, photoalz2ctzic anmd _palr produczion zass absorption
coefficients for Germazium’

Shocen Cozpeon Mzss seaTis lass Fair FrTaducs
Enezgy .i.‘.:s.::-,.:isnzc.:-:-.:':"_:ia:: Absorpiicn,Coaliizian: #ass Absorps
(MaV) (e="/32) lea™/g) Coefiiszianc |
0.001 0.4¢001211 il
Q.001217 0.00C0201 1178.2 (L)
3841.1
2.001248 Q.c000213 5145,1 (L)
7334.34
0.001413 3.Q000290Q 552%.3 (L2}
§272.3
0.001s Q2.0000334 3476.9
0.002 0.0000647 2579.3
2.003 0.0000151 43.38
0.004 2.0C02864 43.3
0.005 0.0CQ401 3.10
2.308 0.0C0538 145.19
2,308 0.00092% 4,38
0.319 0.CQ154 36,58
0.011LC04 0.00159 28,55 (X)
121.37
0.Q15 Q.90250 4,30
0.029 0.20372 32.38
0.230 0.3084Q5 11,33
0.04Q 0.00819 .13
2.350 0.01C1 2.752
0.3€0 C.3i1 1,843
0.280 2.0148 g.713
Q.,1C0 2.01487 G,263
2.130 0.922303 2.137
3.28 0.332 0,483
C.2C0 0.Q248 J.0141
Q0.400 Q0.3258 0.0C&25
3.3500 Q.2251 0.C0343
Q3,800 0.0253 g.0g0222
2.300 0.9231 J.00112
1,200 2.3241 0.000212
1.500 d.0221 0.2000325 c.2Cexlsl
2.808 0.qQ201 Q.300222 G003 7ES
3.38C0 02,9128 Q0.4go1cs 2.50281
4,300 2.3138 Q,000a74L 2,2C3Q2
3.200 Q012" @.3Cc03:3 0.,50707
5,000 0.Q11s 0,5CC00442 3,3C8¢%5
2,000 7.00938 @.2ecezly J.C01L9
10.80 0.0073% J.000G3%e 3,3144
+ Trom Nuglaar Daza Takbles, Saczizm 4, T 7, Ge=ter 3, Jume, 1373,



TA3LE 3.4, Compten, shotcelaczTic anmd pair production =ass assorypiioz
cocafficiants for a 3C-400 tyve plastic sciacillaczor.

16

Phocton Cocpten Mass ?hotselectziz Mass 2alr 2raducsicen
Inergy  absorpticn.Ciafficient Absorpsizn Coeliisian: Mass Adbsersetisn
(MaV) (em’) (em’) Coefiiciant (cm’)
2.3801 2.000C0352 1966.7

0.0015 0.Q0C1032 633.4

2.002 0.0Q0209 274.5

0.0G3 0.000491 81.7Q

0.3C4 0.£00822 33.36

0.305 Q.C01L7 17.33

0.C06 0.801352 3.913

Q.0C8 0.00222 3,867

0.4d10 2,00292 1.3C%

0.013 0.00470 0,486

0,020 0.0063% 2.13%0

0.030 0.00945 Q0.G505

Q.04Q 0.9120 0.0156

2.0s2 0.C0143 0.8Cs2

0.060 0.0183 0.00510

Q.030 0.31%4 0.CQL%4

Q.18 g.021% 0,0C0%813

J3.130 0.0261 Q0.800237

0.28 g.2285 Q,3CaCs3

0.300 0.C311

0.400 0.9329

2,500 J.0322

2.600 0.28319

J.3C0 0.0312

L1.000 d.0302

2.300 0.3232 20.CC0L43
3.0ac 0.3214% .300223
4,000 J.G1338 J.0C209
53.CCC 2.01488 2,2Q1s58
8,000 0.0132 €.2Q0z08
3.000 0.0123 c.co29
10.30 C.o1l 02,2038

2= Muslaar 2azz Tables, Ses:iion 4,
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Four factory machined and polished cylindrical BC-400 detectors
were evaluated. The detectors had a diameter of 50.8 mm and thicknesses
of 5.08, 10,2, 15.2 and 20.3 mm. Some characteristics of the polyvinyl-
toluene based BC-400's are given in Table 3.5. During assembly, each
detector was fitted with a light-tight 9 um Al foil window and coupled
to 2 50.8 mm diameter photomultiplier tube using optical coupling
grease. The detector sides were covered with reflective 1 mil al foil
and then light sealed with 7 mil black vinyl plastic tape. The
photomultiplier tube was coupled to a commercial photomultiplier tube
base., The sides of the'assembly were surrounded with a commerical
magnetic shield. A schematic of the assembly is shown in Fig. 3.4,

The detector-phototube assembly was connected to the remaining
components of the spectrometer system as shown in Fig. 3.5. Pulse
height data were accumulated using a multichannel analyzer and then

stored on magnetic tape for off-line data analysis.

2.0 Gamma-ray response characteristics

As discussed previously, gamma~-ray interactions within the BC-400
detectors are predeminantly Compton events. Consequently, a source of
monoenergetic gamma rays incident upon an organic scintillator will
produce recoil electrons with a continuous energy distribution described
by the Comptcn scattering cross sectiom. This continuous distribution
is then subject to the broadening effect of the energy and dimensionally
dependent resolution inherent in the detection system.8 An example
pulse-height distribution for a 10.2 mm thick BC-400 detector exposed to
0.511 and 1.2746 MeV gamma rays is shown in Fig. 3.6.

Obviously, gamma-ray response is a function of both gamma-ray

energy and detector thickness., For a given detector thickness,



Table 3.5. Manufacturer quoted characteristics
of BC-400 plastic scintillators.

Description

Value

Density
Refractive index
Melting point
Light output

Decay constant
(main component)

Wavelength of
maximum emission

H/C atomic ratio

Coefficient of linear
expansion

1.032 g/cm’
1,581

75°C

65% Anthracene

2.4 ns
423 nm

1.104

3

~7.8x10 ~ below 67°C

20
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25 mm 0.18 mm-thick
b k vinyl ic
50.8 m el i B s
36,8 mmJ 0,18 mm-thick
30,8 mm:;q Polyest;r film &
V -
F—-so.s mm—% 0.009 mm-thick
Al foil
i
fabricated
entrance window
; — X
organic - =

|
scintillator |

optical coupling
/ graase
S LRI B SRR RN }4
| \ s )
photomultiplier Al foil reflector

tube
magnetic Voltage.d1v1der
shield string

U

FIG. 3.4. Schematic of BC-~400 detector assembly.
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gamma-rays above a certain energy will produce electromns with kinetie
energies large enough to allow them to escape the scintillator with only
partial energy deposition. When a sufficient energy loss occurs in this
manner, the effect upon the measured distribution is so momentous that
the result is nearly unrecognizable as a Compton distribution.
Consequently, there is a practical "upper-limit" in terms of measurable
gamma-ray energies for a detector of a given thickness. This fact is
apparent when dealing with detectors which have thicknesses less than 50
mm.,

The gamma-ray resolution of organic-scintillators can be estimated
using the high energy portion of the Compton edge. In organic
scintillators, resolution is defined as twice the half-width at half the
peak value (2 x HWHM). Values of this parameter measured for the 20.3
mm thick BC-400 detector assembly are tabulated in Table 3.6.

Typically, the relationship between the half-width at half the peak
height and photon energy is given by9

(EE)2 = a + b/E (3.1)
in which HW is the half-width, E is energy and a and b are constants
with a<<b,

In a similar manner, the actual Compton-edge energy is related to
the fraction of the broadened Compton peak height. This fractional
height has been shown to demonstrate a slight energy dependence. It is
also dependent upon the thickness of the detector. For this work, a
value of 0.7 was chosen as corresponding to the Compton-edge energy for
the 10 mm thick BC-400 scintillator. The selection draws support from

results reported by Cramer,lo and Nard18 as well as from experimental
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FIG. 3.6. Pulse height distribution measured with a

10.2 mm thick BC-400 plastic secintillator for the 0,511
and 1.275 MeV Na-22 gamma rays.
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Table 3.6, Resolution of measured Compton distributions
for a 20.3 mm=-thick BC-400 scintillator.

Gamma-ray Compton edge A
Source energy energy Resolution™
{MeV} {MeV} {7}

M350 0.393 0.238 41.2
137c¢ © 0.662 0.478 25.7
S4m 0.835 0.640 23.5
22ya 0.511 0.341 36.8
1.275 1.062 18.7

#Resolution defined in terms of percentage by
2 x HWHM {channels}/Compton peak channel number.
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results and Gaussian-broadening calculations., To demonstrate the
utility of this procedure, theoretical Compton-edge energies versus the
corresponding measured channel numbers are shown in Fig. 3.7, This
figure illustrates the existence of a linear relationship over the
energy range examined. Previous investigators have reported similar

results for gamma ray energies above 125 keV.ll’12

3.0 Beta-particle response characteristics

In contrast to its gamma-ray response, a reasomably thick BC-400
detector 1s nearly 100% efficient for beta particles. Exceptions to
this general case include very low energy beta particles -- the
electrons lose a non-negligible portion of their initial energy upon
passing through the entrance window, or very high energy beta
particles——their kinetic energy is sufficient to allow only & fraction
of the total electron energy to be deposited within the detector. For
the detection assemblies investigated, the low energy cutoff, created by
the 9um Al entrance window, was nominally 30 keV. The upper limit
varied with detector thickness, being nominally 4.2 and 2,3 MeV for the
20 and 10 mm thick BC-400 detectors, respectively.

Resolution broadening of beta spectra is not as significant a
problem as it is with gamma-ray Compton distributions. Tests using
modified Caussian broadening of selected theoretical beta spectra
indicate only slight spectral distortions near the spectrum endpoints.
Additionally, the linearity of Kurie plots, based upen experimental
data, indicates an exaggeration of the spectral distorticn near the
endpoint by the simple modified Gaussian technique.

As a measure of the detectors energy response for beta particles, a

plot of theoretical endpoint energies versus measured pulse height



measured Compton edge channel

27

640.00

L

560.00

480.00

400.00

320.00

1

240.00

1GO.00

3. 20

: :
2.840 2.33 e

Compton edge energy (MeV)

FIG. 3.7. Compton edge energy versus measured Compton
edge chanmel for a 20.3 mm thick BC-400 organic scint-
illator based spectrometer system., Dashed line is based
on a least squares fit to the data.
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distribution endpoint channels, calculated from Kurie plots, can be
used, Figure 3.8 is a plot of theoretical endpoint energy versus
measured endpoint channel for a 10 mm thick BC-400 detector. A least
squares linear regression fit to the data yields a fitted line with mean
square error 0.0013 and multiple correlation coefficient 0,992,
demonstrating a definitely linear relationship over the energy range

auwzmined, 0.167-2.28 eV,

4,0 Nonlinearities in the BC-40C electron response

Nonlinearities in the response of organic scintillators to
electrons with energies below about 125 keV have been reported.13 These
studies were performed using both externally incident electrons and
Compton recoil electrons produced by gamma rays. This low energy
non-linearity has been directly attributed to the dependence of the

organic scintillators fluorescent light yield upon dE/dx, its stopping

power. This relationship is described by the semiempirical relation11

dL/dE = S[1 + kB(dE/dx) + C(dE/dx)z]-l, (3.2)

in which dL/dE is the quantity of fluorescent light emitted when an
electron of energy E loses a quantity of energy dE along a path
increment dx within the scintillator. The parameter S is defined as the
absolute scintillator efficiency, and B is a constant such that the
product B(dE/dx) represents the specific density of ionized and excited
particles along the particle track, The parameter k is denoted as the
relative quenching probability, generally considered a comstant, and C

is an empirically determined constant.
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30

The integral of Eq. (3.2), with respect to particle energy, is
E
L(E) = S[dE [1 + kB (dE/dx) + C(dE/dx)?]™" (3.3)
o
where L(E) is the total light emitted by an electron expending all of
its energy within the scintillator. For electrons with kinetic energies
>125 keV, dE/dx is approximately equal to zero, and Eq. (3.3) reduces to
the linear expression
L(E) = SE+ L . (3.4)
From Eqs. (3.2) and (3.3), it can be seen that, for large values of
dE/dx, dL/dE and therefore L(E) are reduced in magnitude, accounting for
the nonlinearities exhibited by organic scintillators for low eﬁergy

electrons.

5.0 Energy calibration procedures for BC-400 spectrometers.

Several differing energy calibration procedures were explored for
the BC-400 based spectrometers. Initially, gamma-ray pulse height
distributions were examined for use in energy calibration. Due to the
uncertainty in accurately determining the channel number corresponding
to the maximum kinetic energy of the Compton reccil electroms, and the
poor definition of the Compton edge for thin scintillitors, gamma rays
were not used to perform energy calibrations. Moreover, data measured
using a 207Bi conversion electron scurce were rejected because the pulse
height distributions measured with the organic scintillators showed that
it was impossible to separately resolve the K- and L-shell conversion
electron peaks. Thus, the observed single peaks were located in
channels higher than should correspond to the K-shell electron and lower

than that corresponding to L-shell conversion electromns.
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Ultimately, a procedure utilizing beta spectra endpoint energies
was adopted, The procedure involved two steps. First, a preliminary
calibration was made, based upon either previous measurements or
alternate techniques deemed accurate within about 20%. Second, a
selected series of known beta spectra were measured, and their endpoint

energies calculated through the use of Kurie plots. It was then

"

ossible to cbtazin the multichannel analyzer endpoint channel numbers
through backcalculation. Accurate calibrations were obtained from the
known endpoint energies and the measured endpoint channels of the
selected beta spectra.

To account for the nonlinearities present for low energy electroms,
an additional correction to the fitted calibration line was required.
Ideally, spectra with endpoints <125 keV should be represented with a
polynomial fitted to the data to describe the scintillator energy
response in the low energy end. Practical considerations, however, such
as source fabrication, air scattering and increasing backscatter for low
energy electrons, make measurement of low energy spectra difficult.
Additionally, fitting a polynomial to experimental data and matching it
to a straight line fit at an unknown transition energy is typically a
computer problem requiring an iterative solution.14 To avoid these
difficulties, a straight line was fit between the origin and the channel
corresponding to 100 keV, as calculated using the previously determined
calibration equation. Tests indicated that, for all but the lowest
energies, calculated beta-spectra average and endpoint energiles
were relatively insemsitive to the type of fit and transition energy
selected for this region, provided that some fit, other than a mere

extrapolation of the calculated calibratiom line, was used.
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6.0 Measurement of beta spectra

Beta spectra measurements were made for elght negatron emitting
isotopes, 355, 32P, 36Cl, 45Ca, 90Sr/goY, 185w, lgSAu and ZOATI, with
endpoint energies 0,167-2,28 MeV (see Appendix A)., Measurements were
performed with the sources less than 3 mm from the detector face along
the detector centerline., All four detector thicknesses were utilized
although most measurements ware made using the 10,2 mm-thick detecror,

as 1ts thickness was sufficient to stop the highest energy beta particle

measured,

7.0 Gamma-ray discrimination

A simple yet effective means of gamma-ray discrimination was
utilized. The procedure involved two steps. First, the combined
beta-gamma pulse height distribution was measured. Once this was
completed, a thickness of high demsity polyethylene (1.4 g/cm3)
sufficient to stop the measured field's highest energy beta particle was
placed in front of the detector., The multichannel analyzer was then
operated in the subtract mode for a time equivalent to that of the
initial accumulation. The resulting distribution was attributed to the

beta component of the measured field.

C. HPGe detector based beta spectrometer
1.0 System descriptien

The detector utilized was a planar intrinsic germanium detector.
Manufacturer specifications are given in Table 3.7. The detector
assembly was liquid nitrogen cooled with a 31 liter liquid nitrogen
dewar. The detector assembly included an RC feedback preamplifier.

Detector assembly signals were processed and analyzed using the system



Table 3.7. HPGe detector specifications.

Density 5.36 g/cm3
Atomic number 32

Detector typa planar
Active area 25 mm2
Thickness 5 mm
Detector to cryostat 3 mm

front face distance

Recommended bias -1500V

Leakage current at <10pA

bias

Photon full energy 170 eV at 5.9 keV peak
resolution 50 eV at 122 keV

illustrated in Fig. 3.9.

33



illustrated in Fig. 3.9. As with the BC-400 systems, pulse-height data
were accumulated using a multichannel analyzer and recorded on magnetic

tape.

2,0 Gamma-ray response of the HPGe beta spectrometer

The 5 mm—-thick HPGe detector exhibited the photon detection
efficiency shown in Fig. 3.10. Being nearly 100%Z efficient for photons
up to 100 keV, the detector is an ideal X-ray and low energy gamma-ray
detector.

The HPGe detector system exhibited excellent linearity of response
for photons over the energy range 30-1770 keV (see Fig. (3.11)).
Previous literature has reported a linear response extending down into
the eV range for similar systems.ls

The energy resolution of full energy peaks is typically a few keV.

Figure 3.12 is a plot of full energy peak resolution versus photon

energy measured for the HPGe detector purchased for this research.

3.0 Conversion electron response.

The thin Be window of the HPGe detector, in combination with its
higher atomic number and good resolution, allowed measurement of
conversion electrons despite their usually low frequency of emission.
As shown in Fig. 3.13, even with entrance losses, the system
demonstrated a linear response to conversion electroms over the energy
range of 480 - 1770 keV. In a manner similar to that experienced by
organic scintillators, nonlinearities can be expected to exist for low
energy electrons incident upon the detector. This cccurs as the
thickness of the entrance window becomes sufficient, relative to the

incident electrons kinetic energies, to prevent the electrons from

34
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FIG. 3.10. Photon efficiency curve for
a 5 mm thick planar intrinsic germanium
detector with a 2 mil thick Be entrance
window. (Princeton Gamma-Tech Corporation)
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reaching the detector. Over the energy range that was examined (480 -
1770 keV), conversion electrons exhibited average entrance window losses
of approximately 18.5 keV. Typical resolutions were on the order of 10

keV.

4,0 Beta particle response

The regponse of the HPGe detector to beta particles can be expected
to be identical to that for conversion electrons. However, the
continuous beta particle distribution more clearly demonstrated the
distortive effects of backscatter and bremsstrahlung production. As
expectad, and shown in Fig. 3.14, measured endpoint channels of known
beta spectra exhibit a linear relationship to spectrum endpoint energy.

Radiation yields are relatively high for germanium, as compared to
organic scintillators (see Table 3.8). However, the predominantly

forward peaked nature of bremsstrahlung given by7

<g> = —Z_mcz (3.5)
T, + me ? *
in which
<8> = angle of emitted photon relative to the direction of the

incident electron,
mcz = rest mass energy of an electron, and
To = initial electron kinetic energy,
coupled with the high detector efficiency for low energy photons
significantly reduces the probability of bremsstrahlung escape. From
the work of Rehfield and Mocre,7 it is possible to deduce that for 1 MeV
electrons the ratic of bremsstrahlung escape, to the total of

backscatter and radiation escape events, is approximately 0.04.

Considering that backscatter events account for nearly 247% of all events

40
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TABLE 3.8. Radiation yields wversus electron erergy fo; plastic
scintillator and germanium materials,

Electron Radiation Yiald (MeV)
Energy Plastic
(MeV) Scincillacor Germaniuxz
c.01 1.04(=4) 9.04(=4)
0.10 5.73(=4) 4,96(=3)
0.50 2.13(=3) 1.73(=2)
1.00 4,05(= 3) 2.96(=2)
2.00 7.35(~ 5£.93(=2)
5.00 _.79\-2) 3.917(-2)
From M. J. Berger and 5. M, Sel:zzer, Tables cf Znsergy Losses
and Ranges of Zlactroms and Elactroms and Positroas, Naci onal

Bureau of Standards, 1364
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for incident 1 MeV electrons, as shown previously in Table 3.1,
bremsstrahlung losses should result in much less distortion than

backscatter events in the measured beta particle energy distribution.

5.0 Calibration procedures

Typically, calibration of the HPGe detectof svstem was performed
using gamma-rzay scurces. Scomg axperiments were completed utilizing a
conversion electron calibration. Lack of an accurate response functicn
for low energy electrons, however, incorrectly skewed the energies
derived from these calibraticns toward higher than actual values in the

lower channels of the analyzer.

6.0 Measurement of beta pulse height distributions
Using the HPGe detector system, measurements of beta pulse-height
distributions were obtained. Nominal detector to source distance was

approximately 4 mm.
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IV, Data analysis

Analysis of recorded data was performed off-line using the
KSU-developed BETAPLUS-II computer code. The code was designed to
facilitate calculation of theoretical beta spectra and to provide a
means for theoretical to experimental intercomparisons,

BETAPLUS-II performs a series of functions, Principally, for a
measured pulse height distribution of known isotopic origin, BETAPLUS-II
calculates the theoretical spectrum for the isotope, area normalizes it
to the measured distribution, and then provides comparative output in
both linear and Kurie plot formats. Output data are both plotted and
tabularized. Theoretical calculations are based on the relativistic
model, incorporating a self-screening correction and the Bethe=Bacher
complex gamma function approximation (see Section IT).

BETAPLUS-II is designed to provide analysis and ocutput for any
negatron emitter with an allowed, first forbidden or second forbidden
transition. A special routine has been incorporated to allow analysis
of the combined 9OSrfgoY beta spectra. The code is designed to accept
either linear or bilinear energy calibration format.

In addition to theoretical to experimental comparisons, BETAPLUS-II
provides unity normalized relativistic and non-relativistic model based
beta spectrum calculations for the isctope of interest. Relativistie
model calculations include a self-screening correction and the
Bethe-Bacher complex gamma function approximation. Non-relativistic
calculations are based on the simple non-relativistic model with no

self-screening correction. Both plotted and tabular output are used.
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Tabular data alsc includes kinetic energy, total relativistic energy,
Fermi function values and calculated Kurie plot data points. TFrom this
output, theoretical and experimental Kurie plots are both easily
obtained, A listing of the BETAPLUS computer code is given in

Appendix B.



V. Results of the beta spectrometer studies

Results presented are divided into three sections. The first
gection involves general beta spectra measurements, conversion electron
responses and a gamma-ray discrimination technique for the 10.2 and 5.08
mm thick BC-400 detector systems, The second section is concerned with
beta spectra measurements using the HPGe detector system. Additionally,
during the course of the spectrometer evaluations, selected application
type experiments pertinent to the general fields of beta spectroscopy
and beta dosimetry were performed. Results of these studies are

presented in the third sectionm.

A. Organic scintillator based spectrometer
1,0 Measured beta particle distributions
As stated previously, measured beta particle emergy distributions

were obtained using the 10.2 mm thick BC-400 detector for 358, 32?,

36Cl, QOSr/QDY, 185W wrid ZDATl. A comparison of theoretical and
measured distributions for the 3601 and 905r/90Y sources are presented
in Figs. 5.1 and 5.2, Selected Kurie plots are available in Appendix C.
A tabulation of the theoretical to experimental comparisons of average
and endpoint energies for the isotopes measured is given in Table 5.1.
Standard deviation estimates for the measured endpoint energies ranged
from 2-10 keV, or, in percent, ranged from 0.2 - 3,0% of endpoint energy
values.

In all measured distributioms, the higher energy portion closely
matched the theoretical spectra. A small degree of distortion was

present, however, in the lower one-half to one-third of the measured

distributions., This was principally due to the combination of detector
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resolution and electron backscattering. Extremely low energy
distributions, such as 355, were somewhat unduly influenced by the
presence of low level discriminators in the associated electronics. As
a consequence, the 355 measured average energy is uncharacteristically
higher than the expected value. The lSSW source also presented a
somewhat unique situation. Although of low frequency, the 125 keV gamma
ray was of significant influence in the measured distribution due to the
detector's increased efficiency for the lower emergy photons. The net
effect of the gamma ray was a reduction in the value of the measured
average energy.

In addition to data accumulated with the 10.2 mm thick detector,
similar results are presented for the 5,08 mm thick BC-400 detector.
Figures 5.3-5.5 demonstrate the theoretical and measured distributions
for 3601, 32? and gOSr/goY. Selected Kurie plots are presented in
Appendix C. Theoretical and measured average and endpoint energies for
gseveral isotopes are given in Table 5.2. Standard deviation estimates
for the endpoint energy measurements valued from 2.5=11.0 keV, or 0.2=2%
of endpoint energy.

Since the 5.08 mm thickness of the detector is sufificient to stop
totally only those electrons below approximately 1.2 MeV, its respomse
is not linear for those particles with kinetic energies above this
threshold. Consequently, beta spectra with higher endpoint energies are
distorted, as is illustrated by Figs. 5.4 and 5.5. An additional
representation is provided in Figure 5.6 through a plot of theoretical

versus measured endpoint energy over the energy range 0.1674-2,288 MeV,

This phenomena illustrates the importance of utilizing a detector
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sufficiently thick to stop the highest energy beta particle in the field
of interest., Failure in this could obviously lead to erroneous

results.

2.0 Conversion electron response

Figures 5.7 and 5.8 show the measured 20731 emission distributien
for the 10.2 mm and 5,08 mm thick BC-400 detectors, respectively.
Ideally conversion electron peaks should be visible at 0.4817, 0.5549,
0.9756 and 1.0481 MeV, These peaks should appear on top of the Compton
distributions of the 0.5697 and 1.063 MeV gamma-rays, having Compton
edge energies of 0,3933 and 0.8576 MeV, respectively. In neither
measured distribution, however, can the 0.9756 and 1.0481 MeV conversion
electrons be resolved separately, and only hints of the 0.4459 MeV peaks
are visible in the two measured distributions. The figures do
demonstrate the higher B/y detection efficiency of the 5,08 mm detector
over the 10,2 mm detector through intercomparison of the conversion

electron peak areas to the total area of the measured distributions.

3,0 Gamma-ray discrimination

Figures 5.9 - 5.11 demonstrate the effectiveness of the gamma-ray
discrimination technique described in Section IIIL.7. Figure 5.9(a) is
the 3601 beta particle energy distribution measured in the presence of a
6000, 1.17 and 1.33 MeV gamma-ray field for the 10.2 mm thick BC-400
detector. Figure 5,9(b) is the same distribution after a 427 mg/cm2
high density polyethylene filter was placed over the detector face, and
the system operated in subtract mode to remove the penetrating
gamma-rays from the combined beta-gamma distribution. Figure 5.9(c) is

a 36Cl beta particle energy distribution measured without ianterfering
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gamma-rays. Figures 5,9(b) and (c) have measured average energiles of
0.2508 and 0.2397 MeV, respectively, showing a difference of omnly 11.1
keV. The endpoint energies were not significantly different.

The identical technique, applied to a small sample of lgaAu,

yielded the results shown in Figs. 5.10(a) = (c). lgaAu decays through
emission of two beta particles with endpoints of 0,286 and 0.962 MeV and
frequencies of 0.01l and 0.99, respectively. A small percentage of
internal conversion electrons are also emitted. The principal gamma ray
has an energy of 0.412 MeV and a corresponding Compton edge energy of
0.254 MeV. Figure 5.10(a) shows the measured distribution of the
combined beta, electron and gamma fields, Figure 5.10(b) is the
measured distribution after the gamma rays were subtracted. The
measured average energy of Fig. 5.10(b) was 0,2873 MeV as compared to
the published average beta energy of 0.3143 MeV, showing a difference of
26.9 keV. 1In this case, a slightly lower than theoretical average would
be predicted due to the backscatter caused by the finite thickness of the
gold foil., Moreover, the sharp peak in Fig. 5.10(b) was caused by the
presence of the internal conversion electroms.

Figure 5,10(c) shows the measured Compton distribution of the
0.4118 MeV gamma-ray measured when the 427 mg/cm2 filter was in place.
The large number of low energy counts in the distributiom is an
indication of the occurrence of forward scattering Compton events within
the polyethylene filter.

The 36Cl - 6OCo mixed field experiment was repeated for the 5.08 mm
thick BC-400 detector assembly [see Fig. 5.11(a) = (c)]. The average

energy of the beta particle energy distribution measured from the mixed

field was 0.2417 MeV as compared to the value of 0.2422 MeV measured
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from a "beta-only" 36¢1 field. A comparison of the two is shown in

Figs. 5.11(b) and 5.11(c). The difference of 5 keV was slightly lower
than that obtained using the 10.2 mm BC-400 detector. This result is
consistent with that expected due to the thinner BC-400's lower
gamma-ray efficiency,

B. Beta particle energy distributions measured with the HPGe detector
based spectrometer

Beta particle energy distributions were obtained for 45Ca, 3601

lBSW’ 204Tl and 9OSr/goY using the HPGe detector based spectrometer.

36Cl and 90Sr/gOY are shown

Measured and theoretical distributions for
in Figs. 5.12 and 5.13. Selected Kurie plots are available in

Appendix C. A tabulation of theoretical and experimental average and
endpoint energies is provided in Table 3.3.

An examination of the deviation between measured and theoretical
endpoint values as a function of energy reveals a trend somewhat
contrary to that which would be predicted. Since backscatter and window
losses decrease as electron energy increases, the deviations in endpoint
energies would be expected to decrease accordingly. This, however, is
not the effect experienced. Additionally, it was noted that the
increase in deviation was paralleled by an increase in the estimated
standard deviation of the measured endpoint energies. Normally, values
for the standard deviation estimates ranged from 2-64 keV or, in percent
terms, from 0.5-6.0% of endpoint energy. Results seem to indicate that
the induced distortion in the measured distributions is not linear in
nature, thus decreasing the accuracy of the endpoint measurements.

In addition to the decrease experienced in the measured endpoint

energies, the measured average energies were significantly lower than
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the theoretical values. This was principally attributed to the high
frequency of backscatter for electrons incident upon the detector
surface, As would be predicted, results improve with increasing

endpoint energy.

C. Application studies with a beta spectrometer

1.0 Effect of increasing absorber thickness upon transmitted beta
spectra

Absorber experiments were performed utilizing three beta sources,
185W’ 38¢1 and 90Sr/goY. This study was designed to demonstrate the
effect on beta spectra due to increasing the absorber thickness. The
sources and the 10,2 mm-thick detector were maintained at a fixed
distance from each other. Figure 5,14 demonstrates the effect of
increasing absorber thickness, over the range 6.0 - 66.4 mg/cmz, upon
the general shape of the measured lSSw beta particle energy distri-
bution. Similar results are shown for 36Cl in Fig. 5.15 for the
absorber range 2.9 - 88.3 mg/cmz. For ease of visualization, the
results for 9OSrigoY are broken into three absorber ranges, 2.4 - 35,0,
20,2 - 144,7 and 144.7 - 254.4 mg/cmz, as shown in Figs. 5.16 - 5.18,

To better illustrate the effect of increasing absorber upon the measured
distributions, plots of integral counts versus absorber thickness, for
the three beta sources, are shown in Figs. 5.19 - 5.21. Each isotope
demonstrated an apparently exponential decrease in integral counts as is
predicted by beta particle attenuation theory. Additionally, the effect
upon measured average energy for the three sources is shown in Figs.
5,22 - 5.24, All three demonstrate an initial increase followed by a

36
decrease in average energy as absorber thickness increases, For " °C1,
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the effect of increasing absorber thickness upon the measured endpoint
energy was determined and is shown in Fig. 5.25. As is expected,
endpoint energy decreases as absorber thickness increases.

90Sr/go‘f beta particle

Beta dosimetry studies often rely upon
sources with cover thicknesses of 100 mg/cmz. Therefore, the effect of
a 102,5 mg/cm2 low Z cover was investigated. Figure 5,26 is a

90

comparison of the measured distribution from the Sr/goY source with a

102.5 mg/cm2 cover and the theoretical 90Y beta spectra. The measured
distribution possesses an average energy of 0.8221 MeV as compared to
0.9637 MeV for the theoretical distribution, showing a difference of

114,6 keV in average energy. The measured decrease in endpoint energy

was approximately 180 keV,

2.0 Natural uranium beta particle energy distribution

Measurements were performed upon a natural uranium source in the
form of a paint matrix deposited upon a ceramic backing. The detector
utilized was the 10.2 mm thick BC-400 organic scintillator. The
resulting distributionm, shown in Fig. 5.27, possessed an endpoint energy
of 2.209 % 0.055 MeV (95% confidence interval) and an average energy of
0.6814 MeV. Some distortion is present in the low energy end due to the
presence of several low energy photomns (< 110 keV). HPGe detector
measurements confirmed the photons to be those expected to originate

from the decay of natural uranium.
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VI. Conclusions concerning the beta spectrometers

In general, the BC-400 organic scintillator based spectrometer
systems provided endpoint measurements within 3% of the actual values,
and average energy measurements within 6%, and often within 1%, of
theoretical, for beta spectra with endpoint energies greater than 300
keV. These limits were obtainable provided that the system was
calibrated using known beta spectra in a manner which accounted for the
nonlinear response of the scintillators for electrons with energies
below 125 keV. An additional restraint imposed was that the detector
utilized must be of sufficient thickness to stop all incident beta
particles of interest. For beta spectra with endpoints below 500 keV,
endpoint measurements were obtained within 7-12% of actual values,
Average energies, however, were subject to an increased incidence of
backscatter events and, additionally, were more significantly influenced
by the low level discriminators present in the associated electronics.
Consequently, average energies were measurable only within 35% (725 keV)
for beta spectra with endpoints below 500 keV.

For the organic scintillators, gamma-ray discrimination was
possible through the use of beta-particle filters, provided that a
reasonable estimate of the mixed field's maximum beta particle energy
was available, X-ray discrimination was more difficult, however, due to
the easily attenuable nature of the photons involved.

One drawback of the BC=-400 based systems is their inability to
indicate the presence of gamma-rays in a measured field without the use
of filters. Due to the smooth nature of recorded Compton distributioms,

they blend quite readily with measured beta-particle energy



distributions. This seems to indicate that the scintillators could be
utilized most efficiently in conjunction with a high resclution
gamma-ray detector.

In contrast to the plastic scintillators, the HPGe detector
appeared usable only for endpoint measurements. The endpoint energy
measurements were nominally within 4-117 of actual values over the
endpoint energy range 0,256-2,288 MeV., Results could be improved if a
thinner entrance window could be utilized. The average energy
measurements made were considerably in error due to the high incidence
of backscatter for electrons incident upon the detector. UNominally,
measured average energies can only be assumed to be within 157 of the
theoretical values for beta spectra with endpoint energies from 0.256 -
2.288 MeV, Obviously, average energy results improve as the endpoint

energy increases and the incidence of backscatter thus lessens.
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VII. Suggestions for further study

In the course of this investigation, several ideas have presented
themselves as candidates for future research.

An examination of the effect of detector geometry upon low energy
electron response should be performed. More specifically, a well
detector with a collimated entrance port should be evaluated as a
possible method of reducing low energy electrom backscatter from the
detector.

The possibility of utilizing two phosphors of differing decay times
to allow active gamma-ray discrimination seems probable. Two techniques
appear feasible. In ome, a thin scintillator is mounted upon the face
of a thicker scintillator possessing a longer decay constant, In the
other, the thicker detector should take the form of a well detector with
the thin scintillator recessed into the well. In both cases, the goal
igs for the thicker scintillator to provide a type of Compton shield,
allowing gamma-ray discrimination through pulse shape analysis.

Additionally, work appears to be needed in the minaturization of
the support equipment involved, and in the adaptation of phototube based
detector assemblies for higher temperature reactor containment

environments.
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APPENDIX A: BETA SOURCES

Eight beta-minus emitting isotopes were used in the course of this
study, with endpoint energies ranging from 0.1674-2,288 MeV. Table A.l
characterizes each of the sources utilized. Two of the eight sources
were purchased with the remainder being produced in the Kansas State
University TRIGA Mk II nuclear reactor.

The commercial sources were encapsulated in differing manners. The
90Sr/go‘f source, produced by the Nuclear Enterprises Corporation, was
encapsulated in a thin aluminum ring with a 0.9 mg/cm2 aluminized
polyester film window. The American Nuclear Products 3601 source was
deposited on an aluminum backing with a thin aluminized polyester film
window,.

In general, the KSU produced beta sources were encapsulated by
placing the active material between two pieces of 1 mil thick

transparent tape. An exception was the lgsAu source which was

unencapsulated due to the metal being in a foil configuratiom.
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APPENDIX B: THE BETAPLUS COMPUTER CODE

In general, the code listing is self-explanatory. There are two
points, however, that require additional comment. First, the required
JCL is identical to that of the modified ASPPP code available in the KSU
Neutron Activation Analysis Laboratory. Second, operation is terminated
upon execution of a read statement which acquired a value of zero for
the number of channels in the measured distribution. This 1Is most
easily accomplished through insertion of a blank card at the rear of the
data set.

To provide greater clarity, a sample data set 1s included below.
The set shown is for analyses of two measured distributions 36Cl and

32?.

12000
1024bbb.000000EbOObbb . 1544 56E=-02b=0,565753E-01bbb.241495E-02665
CHLORINE-36

10,2mm thick BC-400

18.0bbbbbb2,397315bb36.0bbbbbb00

1024bbb. 000000EbOObbL, 1544 56E-026=0,565753E~-01bbb.241495E-02b65
PHOSPHORUS=32

10,2 mm thick BC-400

16,0bbbbbbé4, 34847bbb. 32, 0bbbbbb00

(blank card)
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18

17

19

14
20

22

MCHN=NCHMLS +1

NN=N=2
ND=(({(wC~1.0
NDD=ND=-1

1#0,.,51lL)/01Vi+1

{FIND.LE.1500)GQ TC 18

ARITE(6+41)

FCRMAT (Y1, /777 ///7 /735X, "ENEPGY DIVISICN TCO SMALL FOR ARRAY Dl»

ENSTONS—=",/435X,'=—INCREASE VARIABLE CIV'y///)

GO 1O 11
E=0.0

F=l.0

D0 20 J=1,MND
A=(E/Q.51LCSE
XRR=XR[Z,W0,
FR{ J)=F
XNN=XN(Z,W0,
FNIJ)=F
WARRAYU J) =h
XARRAY (J)=E
YARRAY( J)=XA
ZARRAY(J)=XR
[FlJe LT NCD)
E=({WC=-1.01=0
GO TO 20
E=E+D{V
CCNTINUE
TF{HARRAY (J)
VARRAY([J)=1.
UJARRAY (J)=1.
GG TC 21

VARRAY{JI=( ZARRAY(JI/L(WARRAY (JI¥FR{JI)I*{{{WARRAY (J) =22 ,0)=L,0) %=

«51))=%0.5

UARRAY [J) =l YARRAY(J I/ ([ WARRAY {J)*FN(JI)*( ((WARRAY {J)*%2,3)=1,018=(

«5))) *%Q,5
CCHTINUE

*k

xx%

t E ]

nx

Lk ]

%
EMAX={WC-1.C
ANO=NC
H=ENMAX/ANC
S INT= G. C
RSINT=0.0
RAV=0,.0
FAV=Q.0
£=0
Fl=XN{Z,aC,E
Gl=XR[ZnC,A
GSl=E=Gl
FSl=g=*Fl
20 2 [=2,NO,
E=E +H
F2=XM(Z,aCyE

J+1.0
A,E,FyU}

E+«FyUd

H

R

GO TO 6
«51098

«GT,.1.2)GC TO 22
2
d

CALCYULATE THECRETICAL

NCRMALIZE THEGRETICAL

1%3,51098

N1k
1 EWFel)

2
1FaUl

AVERAGE

SPECTRA

EMERGIES

TO UNITY

L2
w2

£t
Tm
ax
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oo

30
3602

102

143

104

1¢3

G2=XR(ZsmCyAsE4FsU)
GS2=E*G2

F52=€*F2

E=E+H

F3=XN(Z+WCrELF,U)
G2=XR(2,+wCr84E,F,U)
GS3=E*G3

FS3=E3f2

SINTaSINT+F l#4,0%F2+F3
RSINT=RSINT#Gl +4,0%G2+G2
RAV=RAV+GSLl +4 .0%552+G 53
FAV=FAV+FS]1 +4 0 3FS52+F53
Fl=F3

G1l=G3

GSl=aGS3

FSl=F53

CCNTINUE

SINT=SIAT*H/3.0
RSINT=RSINT#H/3.0
RAV=RAV*K /3.0
FAV=FAV*H/3,0
IC=1.0/RSINT

ZW=Ll. C/SINT
EAVG=RAV/RS INT
FAVG=FAN/SIANT

DC 30 JJ=1.,MD
ZARRAYI[JJ)=ZARRAY (JJ)*2Q
YARRAY(JJ)=YARRAY (JJ)*In

CCNTINUE

0ZR=0.0
X =
LE ] OUTPUT TITLES ANC CALCULATED AVERAGES G
% &

WRITEl&,1Q2 1D, (TITLELL),I=1,8){TITLE2(J),J=1l,161)
FCRMAT('1'y//+50Xs" TAG NUMBER'"+[6+/,40X, "' [SCTCPE ¢ *,8A4,/,40X,'0E
TECTOR : ',164A4,///)

WRITEIE,1C3 11,4, EMAX

ECRMAT(21Xe'Z = 7,F5.2,11%9"A = ", FS5.1 LLX,1EMAX = ' FT44,//]
WRITE(&,LC4)ZR,IM,2BP,2MP NPR
FCRMAT (21X, 'ENERGY CALIBRATION:',/,42Xs'E = ';EL447y"' +# '")ELla.T,'»

M FOR NANPRY,/,42X,%E = 1 ,E14,7,7 + ', EL4.7,'%N FCR NONPR',/, 42X,

WFERE N 1S THE CHANNEL NUMBER AND NPR = ',13,//]

WRITE(6,1C81CAV,CAVG

FCRNMAT(21X,'AVERAGE CHANNEL AUMBER IN MEASURED CISTRISUTION = ',rl

Jeoy/ 921X, MEASURED AVERAGE EACRGY = 1 ,F&.4,//)

WRITE(£,1051EAVG, SUM

ECRMAT(21X,'CALCULATED AVERAGE ENERGY = ',F6e4,/,21X, "TCTAL HUMBER
CF CCUNTS IN PULSE HEIGHT OISTRIBUTICN = *+,017.10./]

WRITEIE&,1CHIFAVEG

FCRMAT(/,212,*SIMPLE NCNRELATIVISTIC MCCEL AVERAGE ENERGY = ',Fé.4:

v /)
WRITE(&,LCTISINT,RSINT
ECRMATU /21 %, 'NCNRELATIVISTIC INTEGRAL = ',El4.7,/,2L2,"RELATIVIST
IC INTEGRAL = ',51l4.74+/)
ARITE(&,5C)
FORMAT{'1t,// 17X, "ENERGY ' 429X (' THECRETICAL',29X%, "MEASURED! ,///)
IF( 24502350 CaANDWALELL90.0)GC TO 303
=3 xx
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o0

[aXaknl

OO0

. NCRMALIZE THECRETICAL SPECTRA TC THE *x
» MEASURED PULSE HEIGHT DISTRIBLTICN s
*L® EL

00 191 [=1,ACHNLS

E=XEN(1)

WM [}=(E/C.51098}+1.0
[FIE.LT,.EMAXIGDO T3 189
OIST{([}=0.0
5C 10 191
189 IF{E.GE.Q.0IGQ TQ 19C
E=0.0
150 DISTII)=XR{Z:wO+A+E+F, L)
151 CCNTINUE
CALL FFCUZywO+A+XEN)FO+15C0,NCFNLS)
TOT=0.C
OC 192 J=8,ACHNLS
1$2 TCT=TOT+DIST(J)
OC 193 K=1,ANCRMLS
163 XSPECTIK)=XSPECTIK}*TQT

303 CZR=0.3
=% "
L4 CALCULATE THE FERMI[ PLIT VALLES b
L) xx

DC 195 I=1,MHNLS
158 TF{WM{]}.CT.l.01GO TO 137
XKkM{l)=1.0
XKCtI)=1.C
G0 To 195
LET IF(aMII)LEWCIGGC TO 194
XKC{I}=C.0
GC TO 1&8
194 XKCU{L)=(CISTLI) /(X
183 XKM{I)=(XSPECT(I)/
155 CCMTINUE
I=1.0
D0 196 J=€,ACHMLS,8
YXCUII=XKCLJ)
YRM({I)=XKNMO )
YuM (I )=nMld)

WMITISFCLI) ) *( L (WM [)*%2,0)=1.0)*30,5}) 1%%0.5
(ML) *FDIII=({(WN(])#22,C)=-1.0)¢2D,5]))220,5

166 [=1+1
NF={NCHALS/8)#2
% xx
= QUTPUT TABULAR INFORMATICM =
% %

DC 80 K=9,NCHNLS,8
8C WRITE(&:2CO)XEN(K),DISTIK) XSPECT (K)
200 FCARMATI(15X,FLO.8125X+EL4sT225%,E144T4/)
1F12,ECe35.C.ANDLALEQ.90.C)GC TO 304
JG=1
NPAGE=(EMAX/DIVI/23+L
00 82 [=1,NPAGE
WRITE(6,52)
€2 FCRMAT{TL'»//)
ARITEL&,51)
FCRHAT(&X:'E'rlZXr'h'rlﬁx|'FR[Z;HI'|121|'hR(E"tlZXI'FERMIR'r10#1'
EMUZ, W) ' 123, '"NNLED ' LIX, "FERVMIN' +//}
J=dQ
oC 38l Ji=1,23

U
-



[aNeXal

201
8l
82
a3

3Ca
53

85
203

886

&7

Jol
3CS

401

4C3

95§

ARITE(6,20L 1XARRAY (J) s wARRAY (J),FRIJ) ¢ ZARRAY(J) ¢ VARRAY(J) oFN(J),YA

RRAY( J) +UARRAY(J)

FCRMAT [ 5X yFEa®yp5X9Fl0eB8,6(3X,E14aT) /)
J=J+l

[F{J.GT.NDIGD TO 83

CCNTINUE

Je=ud

CCNTINUE

DCR=0.40

0ZR=0.0

WRITE(6,52]

FCRMAT("1%,/,18Xs W' 17X, "CALCULATSED FERMI PLLCT VALUZ',l0X, 'MEASUR

EC FERMI PLCT VALUE',///)
D0 85 J=8,NCHNLS§+8
WRITE(6,203 )1WMIJ) (XKC(J), XKM(J)
FCRMAT{14X,FlO.8421X4ELlaaT,323%,E14.7,/1}
IF(Z.EQa35.C+AND.ALEQ.90.0)GQC TO 3205
I=1
OC 86 J=8,NCHNLS,8
YKC{I)=xKClJ)
YRKMID )=XKM{J)
Yad(l )=wM{J}
[=1+]
CCNTINUE
DQ 87 J=1,ND
XA{J)=XARRAY(J)
YAl J)=YARRAY(J)
ZA(J)=ZARRAYLJ)
IFINCP.EQ.O)GO TO 901
CALL CARDS{YKM,YKCyYWM,130,IC,TITLE)
ORT=0.C
DIR=0.4
%
% PLOT TABULAR INFCRMATICN
EE
[FINP.HE-QICO TO 4Q4
[F{IPLCTLGT.Q)GC TG &Cl
CALL PLCTSIBUF,l000Q)
CALL FLLT(2404209=3)
CALL PLCTI(Z240:2.0,23)
[FLCT=1
DC 403 I[=1,NMCHANLS
X{I)=XxENLI)
RI[)=XSPECTII)
YLI)=DI[ST(I)
CALL SCALE(Y 640 NCHNLS,1)
CALL SCALE{X)6.0,NCHNLS,1)
CALL SCTALE(R,8.0,NCHNLS,L!
[FIRIN).GT.YI(N) GO TO 995
Ri{N=1)=Y(N=1]
R(NI=YIN}
CALL AXIS{0401040,6HENERGY 1=6,8.0,0.CoX(N=1),X{N))
CALL AXIS(040s0,0)6HNUMBER 68 +£40y S0CrYIN=11,YIN))
GC TO 9sSé
¥(N=1}=R(N-1)
YIMI=RINI
CALL AXIS(0.0+0.0/)6FENERGY +=6164090.05X(N=1)¢X(N))
CALL AXIS(0e010e0,6RHUMBER 648,09 50.CRIN=L),RIN))

LR
=

¥

98



996

4034

999

997

CALL PLCTI(0.04840,3)

CALL PLLTI(6+0¢640:2)

CALL PLOT{6.C0¢0.042)

CALL LINE({X+YsNCHNLS,1,+0,0)
CALL LINE(X R,;NCHNLS»14+0+G)
CALL PLCT{12.0+0.Q¢=3}

CALL KURIE(YKC,YKM,130,YWM)
IFlZ2.EQe3SeCeAND.ALEQ.50.C)G0 TO 11
NEN=NC+2

CALL MCDELS{XA,ZA,YA,NCN,5C0Q)
0D0Q=0.0

GC TC Ll

0CZ=0.C

IF(NP.NELQ)CC TQ 997

CALL PLCTI(0.0.,0.C,959)
DLY=0.0

STAP

EMD
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OO0 0

2a

21

EREE L EER PR 2R PR SRR L SR ER RIS RES NS R R R E RS L 2L E S

L L

> SUBRCUTIMNE MODELS

(2]

2 PLCTS THEORETICAL OISTRIBUTICNS
¥

%
*rx
xx
xx
x

EEEEEI EEREERSEL SR R SRR RS R EE RS ERE R R R R R LS EJ

SUBROUTINE MODELSIXeZpYeN)M)
OIMENSICN X (M) 2{M),Y (M)
NC=N=2

caLL
CALL
CaLL

SCALE( X,y 64QsNCyl
SCALE{Y16.CyNC+1)
SCALE(Z,640,NC,1)

[FLZIN)CGT.Y{N)IGO TO 20
ZIN=1)=Y(A=1)
ZINI=Y(N)

CALL

CALL AXIS[0.0+0.0y15HRELATIVE NUMBER,15,640,9CCy YIN=1),YIN])

AX[S{0409040,6HENERGY 1=616425040sXIN=L) s X{N)]

GC TC 21
YIN=11=2{N-1)
YINI=Z(N)

CALL
CALL
CALL
CALL
CALL
CALL
CALL
catt
caLL
CaLlL
CALL
CALL

AXIS1040+040+6HENERGY y=9y&a0 Qa0 X(K=1),X (NI

AXIS(0,0+0,0y15HRELATIVE NUMBER,15+4£4C+9CCy ZIN=11,2(H))

PLCT(Qa0:6.0,3}

PLCT(684+096a0,21)

FLET(6.04040,2)

NEWPEN(2)

LINE(X Y NC,y1,0,0)

SYMBLL (34115590414 "BLUE-NONRELATIVISTIC'0.0,201
NEWPENI(L)

LINEUX »Z4NC+1,0,C)

SYMBCL(3elp5.240el4, 'BLACK-RELATIVISTIC" ,0.0,18)
PLCT‘1200|0100‘3]

RETLRN

EAD
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20

21

EEEES RS B RTE AR PR EEEREE LRI RS S ER R R EELEL LS

*»

3% SUBROUTINE KURIE

£ 2

e CONSTRUCTS FERMI PLCTS
*3

SUBROUT INE XKURIE[A,3¢N,C)
OIMENSICN AIN)BINI,CUIN)
HC=N=2

CiN-11=1.0

C{NI=C.S

CALL
CALL

SCALE(A,864Q4NCy1)
SCALE(B,8.04NC,1)

TFIAINY.GT.EIN}IGO TC 20
A(N=1l)=BIN=-1)
A(N)=8(N]

CALL

CALL AX15(0,0,0,0417HFERMT PLCT VALUES )17+6.0+SCaCoBIN=L1),8{N]]

AXIS(0.0|O-Go1H“$-lrﬁoC}G-3’CiN'll'CCN"

Gao 10 21
d(N=1i=A{AN=1]}
3(NI=A(N)

CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL

AXIS{040s0e0+1lHW,=1+540,0.0,CIN=1)4CINDI

AXIS{QeQs0.0yL7THFERMI PLCT VALUESs17+6.0,9C.0,A(N=11,4(N))

pLGT ‘0-0]6«0!3)
PLLT(6.C46.0,2)
PLCT{6+C,040421
LINECC A sNCy140:0)
LINE(C +BoNCyLle=1,2]
PLCT(12.0+040,=3)

RETURM

END

FXAFIZAEBXIRNXIZIAXFXITEIREEFITUXEXZAFEITINEI RN INIXAXEE X

3
Xk
%
&
=
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51

EERER - LRI ER LR 2L R R ERER R EE S EREE R S22 RS R E L L 2

E X ]

=% SUBRCLUTINE FFC

s

=% CALCULATES FERMI FUACTICA
E R

L2
%
z3
xx
3

EE RS SRS SRR EREEE R RERE RS SRSt R E R R RS ELE R L E DS

SLUBROUTINE FFOUZ,WC 1A+ XEN+FO#,NCHNLS)
DIMENSICN XENIM) FC[ M)}

ALPFA=Q,0Q72972

Al=3,141552¢654

LAMBOA=28¢.C

VC=1l.,13*(ALPHA®*2 | = (I*x(4,0/3.0))
S=(1l.C-(ALPFASL)=2%2 %20 ,5-1,0
Re{1]l.,123%A22(1,0/3.0))=(0.94l®A*x(=1,C/3.0)))
00 52 T=1,NCHNLS

EsXENI[T}

W={E/C.,51C58)+1.0

WaW=yYC

IF{we GT21.3)G0 TO 51

FCl(I}=1.C

W=l.0

SC TO 52

Va{ ALPFA®I%xn) /{ [W*x2-]1.C) **0,%)

P2, 0% [ 1, CeS/2.0)/({ [ABS{GAMMA(I,0+42.3%5)) )*x2]
3=(2.C*R/LAMBDA)*%(2,0%5)
C=FEXP(Plav)s((wax2=]1,0])%%5)

D={ (PI*sV)/SINHIPL®Y)) s (({ (ALPFA®Z 1*%2+0.25 ) *¥(n*22 1~],23)%35)

FCUll=P#3sCaD
COMTINUE
RETURN

END
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OO0 O0O00nn

oo

51

LY
w M

FUNCT
INTEG
C=2.9
XE=1,
ALPRA
PI=3.

L EL RS R 22 2 2R R E LRI R ER R RS RS AR R RSS2 R 22 22

3%

*3 FUNCTION XR

e E)

b CALCULATES B8ETA SPECTRA BASEC ON THE
= ASSUMPTICN THAT TrE PART BFCLES ARE REL~-

*= ATIVISTIC
*%

Lk
x5
%
zn
BE
*x
xx

EZRAXXIFEZX XXX SXEITIERNEIRATSIRAXXFTEARINFEXRXIITREZISEIRNAIEESN X

ICN XR{Z:W0,A2E(F, i)
ER U

S7SECS

6021E-19

=Q.,CC72972

141552654

W={ E/Q0.51C92)+1.0
LAMBDA=38¢,C

yC=1l.
S=(1.
R=((1
WEN=Y
[Flw.
Fal .0
A=1.0
GC TQ
V=(AL
P=4.0
3={2.,
C=EXP

O={(PI*y)/SINH(PI®Yy))®{ [ [ALCPFA*Z )#32+0.,25)%({w*%2)=-0.25)%25}

F=pa8

L3*[ALPHAS#®2 ) x(7%%(4,0/2.0))
O-(ALPHAxZ)*22 )%%],5-1.C
w123%A%(1,0/3.0))-{C0.941%axx(~-]1,0/3.01))
&

GT.1.01G0 1O 51

52
PHA®Z=4w) /{ (w*%2=1,0) **(0,5]
#{1.C+5/2.,0)/({ {ABSI{GANNMA(3,0+2.0%3)) )*=2)
O*R/LANBCA)*=(2,025)
[(Play)#{ (nex2-1,0]%%5)

#C*0

n=W+v0

XR=F*x
53C 710
XR=Q,
00Q=Q

[FlUa
[FlL.

SH=(W*22=] C) 222+ (AC-W)*24+ [ 1C.0/3aCI1*(Wx*2=L.01*{{ wl=-n)*=2)

({(w=yC)*32=-]1,0}%*Q0,5)* (h=VC)*( (hC~n )*xx2})
£3

G

«C

CFECK FCR DEGREE CF FORBICOENESS

C.0)GC TC 55
EQ.lIGC TC 54

GC TQ 56

Sh=1(wW
GC TC
SK=1l.
XR=XR

*F23=-1,()+[nC—m)=*x2
564

¢

25N

RETURN

END
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[sNaXnl

sl

52

55
54

LESEEE RS2 SRR R E RS EL EE SR R RS SRR R R 2 R RS R L T

2%
L
*a
L& g
*¥
%
%

FUNCTION XA

CALCULATES BETA SFECTRA BASEC TM THE
ASSUMPTION THAT THE PARTICLES ARE NCT
RELATIVISTIC

¥
%
X
L]
EP
=
=

PR RS R A2 R ER R SRR RS R R RS R R EES LR R L L B

FUNCTICN XN{Z,nGsEF,U)

[NTEGER U
ALPHA=0.0C72972

C=2.9S7SECS

Pl=3.1418
W={E/Q.51C38)+].

c

IF(waGT.1.0) GO TO 51

F=0
Wal

«0
.e

GO Tg =2
ETA={n*32,0-1.0}*%0,5

V={C=ETA)/{ l.C+ETA**2,0)

XNU=(Z2® ALPHA*C)/V

F=l Z#PI*xAU)/[1.Q-EXP (=-2%P[®XAU))
AN=FRWe [ (W*32,0-1,0)*%0.51%{[wC-H)**2,C)

IFlU.EC.0)GC TC
IFIU.EQ1IGC TC
Sha (WH#2=1,C) ®x2+({WC—W)*%4+{10,0/3.0)13(Wx32=1,3)1*{{nd=-v)**2|

ol

70 Sé

CrHECK

FOR DEGREE CF FORBIODENESS

35
S4

Sh={wexZ=1,0)+(WC-n)=*2

GC
§ N
AN=

TQ 5¢&
1.0
AN=Sh

RETURN

EAD
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1cc

20
450

PP EER -SSR LR P2 b2 2SR EE S L R RS R RS E SRS AL R R L S 3 2

=%
Y
*x
xx
%

SUBRCUTI[NE CARCS

PUNCHES CARDS U3SING FERMI

PLZT VALUES

%
-
%
x¥
=%

E P PR T R P ETI TR R R LR SR EE SRS L EEER SRR R E L A RS R R E R T

SUBROUTINE CARDS{YKM,YKC,YnwM,¥,ID,TITLE)
D IMENSICN YwM{M),YKMIM) ,YKCIM),TITLE(S]

N=M=-2

ARITE(T+1COMI0. (TITLE{J)yd=148)
FCR¥ATI(18+52,3A4)

DC 20 J=L,N

WRITEL 7,450 )YWMIJ)YKMIJ) ,YKC I}
FCRMAT{F1Qs7:1X,F1lCa7,41X:F1C.T!
RETURN

END
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éC
1C

19
20

3C
340

4C

50

SUBROUTINE SRY(Z,Ap A0 XEN,M NCFNLS,DIST XSPECT,CISTL,CIST2,U,FD yn¥

AFIFIEFILEXRXZXAXREEIFEFA XSS FEZIISAEBF AT EI XX RTINS XZT AR &R

zw

= SUBRCUTINE SRAY

%

*x CALCULATES THECRETICAL SPECTRLM FCOR
A SR=GQ0 AND Y-90 CCMBINED

%

=¥
%
¥
k*x
R
ax

EEREEE RS PR L 22 P R 2RISR S R PR ER SRR AR E SRR R E R LS T

REAL#®2 XENI M}, XSPECT(M),0ISTI(MI

OIMENSICN DISTL(M),0[5T2IM)

DIMENSICN FC{M),WM({M)

REAL*
REAL®
INTEG

8 1C7
a8 TCDLl,TCD2
ER U

EMAX={mC=-1.C)*0.51093

Do 10

[=1,NCHNLS

E=XENLT)

IFLE.
DIsT2
GC T0
DIsT2
CCNTI

LT.E¥AX)GD TC 9
{l1=C.C

1c
(1)1=XRI{Z W0 +AErFoU)
NUE

TCD2=C.C

oC &0
TOD 2=
Do 70
0IsT2
Al=S0
Il=40
#Cl=5
EMAX]
0C 20
E=XEN
IF(E.
QISTL
GC TO

I=1,NCHNLS
TCD2+DEST2(1)
1=1NCHNLS
{1)=CIS8T2L1)/T7C22
«C

.0

e 468387
={WGl-1,0)*C,510693
121 ,NCHNLS

(i)
LT.E#AX1)50 TC 19
(L)1=CaC

20

DISTLUT)=XR(ZL1,WOL AL +E,F L)
CCHTINUE
TC31=0.C

Do 349
TCD1l=
o {9
DISTL
DC 440

DISTII)I={(0.,5558=DIST2{[)I+DISTLI(I)}/1.G55654
CALL FFCUZ1,aCl,AL,XEN,FD,1500 NCHNLS)

0c 50

[=1,MCHNLS
TCCL+OISTL(I)
[=1,NCHNLS
(I)=CISTI{I)/TCO1
I=L 4NCHALS

I=1,NCHANLS

WY(T)=(XEN[T11/0.510G88)+1.0
RETURN

END
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APPENDIX C: KURIE PLOTS

To provide illustration, seven Kurie plots are presented, the plots
shown are for the measured and theoretical beta particle energy

distributions provided in Section V.,
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FIG. C.1l. Theoretical and measured Kurie plots of 36Cl.
Measurements were performed using a 10.2 mm thick BC-400
organic scintillator. Solid line is based on theoretical
calculations and discrete points are drawn from the
measured distributiom.
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FIG. C.2. Theoretical and measured Kurie plots of the
combined Sr-90/Y-90 beta particle energy distributioms.
Measurements were performed using a 10.2 mm thick
BC-400 organic scintillator. Solid line is based on
theoretical calculations and discrete: points are drawn
from the measured distribution.
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FIG. C.3. Theoretical and measured Kurie plots of 36Cl.

Measurements were performed using a 5.08 mm thick BC-400
organic scintillator. Solid line is based on theoretical
calculations and discrete points are drawn from the meas-
ured distribution.
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FIG. C.4. Thecoretical and measured Kurie plots of 32?.

Measurements were performed using a 5.08 mm thick BC-400
organic scintillator. Solid line is based on theoretical
calculations and discrete points are drawn from the meas-
urdd distributiom.
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FIG., C.5. Theoretical and measured Kurie plots of the
combined Sr-90/7-90 beta particle energy distributioms.
Measurements were performed using a 5.08 mm thick BC-400
organic scintillator. Solid line is based on theoretical
calculations and discrete points are drawn from the
measured distributionm.
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FIG. C.6. Theoretical and measured Kurie plots of 36c1,

Measurements were performed using a 5 mm thick planar
HPGe detector. 8Solid line is based on theoratical cale-
ulations and discrete points are drawn from the meas-
ured distribution.
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FIG. C.7. Theoretical and measured Kurie plots of the
combined Sr-90/Y-90 beta particle energy distributions.
Measurements were performed using a 5 mm thick planar
HPGe detector. Solid line is based on theoretical calc-
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ABSTRACT

Two beta spectrometer systems utlilizing different detector types
were constructed and evaluated. One system utilized BC-400 plastic
scintillators with thicknesses ranging from 5.08-20.32 mm, and a
diameter of 50.8 mm. The other system incorporated a planar high-purity
germanium detector of 5 mm diameter and 25 mm2 active area, The
detectors possessed entrance windows of 9um Al and 2 mils Be,
respectively. Detector responses to incident beta, gamma and conversion
electron radiations were obtained. Detector evaluation was based
principally upon comparison of theoretical and measured beta particle
energy distributions for selected beta minus emitting isotopes with
endpoint energies of 0,1674-2,288 MeV. Results indicate that plastic
scintillator based systems can yield accurate average and endpoint
energy measurements when calibrated using the endpoints of known beta
spectra. HPGe detector data were most useful for endpoint energy
determination, since backscatter induced distortion limited the direct
measurement of asccurate average energies. Examinations of the effect of
increasing absorber thickness upon transmitted beta spectra, and of the

natural uranium beta particle energy distribution, were performed.



