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ABSTRACT

A scintillation spectrometer has been built to measure beta spectra
of short-lived isotopes. The spectrometer consists of two scintillators
working in coincidence. The equipment has been calibrated for both elec-
trons and positrons up to 9 MeV using the external beam of a betatron.
The resolution AE of the spectrometer was found to vary with energy E as
AE « Evé. The pile-up of positron pulses with pulses from Compton recoil
electrons of the annihilation radiation created in the scintillator was
studied in detail, 1Its influence on the positron end-point energy was

found to be small, In order to test the spectrometer, maximum beta energies

in the decay of ®%Ga, ®°Rb, °°Y, '°°Rh, and ''®I have been determined.
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1. INTRODUCTION

A quantity of fundamental interest in nuclear physlcs 1s the Q-value,

i.e. the energy difference between ground states of neighbouring isobars.
If the nuclide of interest decays by'electron or.positron emiesion, the
Q-value can be obtained by measuring'the maximum beta energy, provided the
transition leads to the ground state of the daughter nucleus, In other
cases, beta—gamma coincidences can give information about the maximum de-
cay energy available, The spectrometer that will be described in this
article was assembled to meassure on-line the beta spectra of short-lived
isotopically pure sources, produced by the ISOLDE facility'). ‘Because of
the short half-lives of the nuclides of interest (a few seconds or minutes)

(" and because of the low activity obtained for nuclei far off the'stabilify

- line, a plastic scintillation spectrometer was chosen rather than a magnet-
ic spectrometer. The main advantage of the scintillation spectrometer
arises from the ability to measure the complete beta-raj continuum simul-
taneously. On the other hand, the spectra recorded with the scintillation
spectrometer are distorted by the finite energy resolutlon, the electron -
back=scattering at the scintillator surface, the background f&om.gpmma o
radiation and, in the case of positron decay; the summing up of the posi-
tron pulses with those from Compton recoil electrons of annihilation radi=-
‘ation created in the scintillator (in the fbllowing referred to as pile-
up). Therefore the measured spectra have to be corrected fbr these
distortion effects. '

(2, EXPRRIMENTAL SET-UP

The spectrometer, which is of the same type &s the one used by Amarel
et al.a), consists of two scintillators working in coincidence (Fig. 1).
The two plastic scintillators (NE 102 A) are optically coupled with 53 AVP
photomultipliers and are protected from the light by 4 mg/em® aluminium
foils., The small entrance detector is 0,5 mm thick, and the larger detec-
tor is 5 cm long and has a maximum diameter of 7,5 cm. 'The’Speciaiashape
of the scintillator was chosen to optiﬁize the light output and the solid
angle, and to give as little "dea&" material as possible. The dimensions
of the large detector were chosen to stop about 9 MeV electronss), whereas
the energy loss in the small entrance detector and in the aluminium foils
is about (0,10 * 0,01) MeV for electrons in the energy range 0.5 to 20 MeV 42
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The conversion electrons of '>7Cs and 2°7Bi have been measured with and
without the small detector between the source and the large scintillator,
and the measured energy shift was found to be 0,103 MeV. In the following,
this energy is always added to the one observed in the large scintillator,

A spectrum of conversion electrons of *°7Bi taken with the small de-
tector is shown in Fig. 2, The line in Fig. 2 corresponds to the maximum
energy loss of about 100 keV in the small detector. The high-energy tail

of the curve is caused by electrons that are scattered in the detector.

These scattered electrons are eliminated in the coincidence mode by a
proper setting of a single-channel analyser, as indicated in Fig, 2 by
the arrows, An electron pulse from the lsrge detector is stored in a
multichannel analyser only if there are coincideng signals from both de-
tectors, Background from gemma radiation of the source as well as any
room background is thereby suppressed, The background in on-line measur-

1
ing position ) without source is about 0,1 count per sec,

3. RESPONSE TO MONOENERGETIC ELECTRONS (POSITRONS)
AND ENERGY CALIBRATION

The finite energy resolution of plastic scintillators requires a cor-
rection to the measured beta spectra, Freedman et al.s) have described a
method that takes into account the low-energy tail of a monoenergetic elec-
tron line., This method has been applied here., The measured spectrum M(E)
is correlated with the true spectrum N(E) by the equation

Emax ?m@x
M(E) = f N(E') L(E,E’) QF => N(E,’) L(E,,E ‘) AE,' . (1)
A - - -
0 i:o

L(E,E' ) is the fesponse function for monoenergetic electrons, and describes
__the distribution of impinging electrons of energy E' that can be detected
| at anvenergy E # B’ because of incomplete energy absorption and because of
the finite resolution, M(E)AE is taken as a zero-order gpproximation of
N(® ). Measured line shapes have been used for L(E,E'). Thus one obtains
é new M, (E), A first approximation to the true spectrum is given by

Ny (E) AE = M(E) - [M,(E) - M(E)] = 2M(E) - ¥ (E) . (2)
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By repeating this, one successively approaches the true spectrum. Two to
four aspproximations ususlly give an accuracy of about 27 . Ni(E) is cal-
culated by taking the average of [My(E) - M(E)] over one full width at
half meximum (FWHM) of a monoenergetic electron line at the corresponding
energy, This avoids enlargements of errors due to measured points with

big deviations from the continuum,

If statistical processes alone determine the response function of
the scintillator, one expects thé response function of monoenergetic elec-
trons to be a Gaussian curve., The FWHM AE should have an energy dependence
of AE « / 6). Cramer et al. ") found this relationship to be valid for
monoenergetic electrons between 1 MeV and 3 MeV, whereas there exist con-
tradictory results for conversion electrons below 1 NeV 7—’1). The res-
ponse functions of monoenergetic electrons and positrons in the energy
" range 3,1 MeV to 9 MeV have been measured using the external beam of the
Heidelberg betatron, The energy spread of the betatron beam (¥WHM) is
about 3% to 5% 12) and in order to obtain the resolution of the scintil-
lator, 3% has always been quadratically subtracted from the measured width,
The scintillator response for electrons and positrons of 3.1 MeV is shown
in Fig. 3. On the high-energy side, the positron line shows the effect of
pile-up with Compton recoil electrons from annihilation radiation. The
essential part of the response function is a Gaussian~like curve, but there
is a teil at the low-energy side because of back-scattering. The electron
lines have been fitted with a computer program by the superposition of two
Gaussian curves, where the second Gaussian curve, which was introduced to

fit the tail and was cut off at the position of the main Gaussian curve,

PP, hn! 3
had a larger FWHM than the main curve

line was used for fitting the pile-up effect., The result of the fits at
three different energies is shown in Fig, 4. These results weré,used for
the response functlon L(E,E') in Eq. (1). The behaviour of the normalized
resolution AF/? as a function of the energy is shown in Fig. 5. It is
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in agreement with the assumption AE « E'/2 up to 8 MeV,

Since there are no sources for conversion electrons with energies
highef than 1 MeV, calibration points at higher energies can be obtained
by use of beta particles of known end-point energies or by the Compton
edge of high-energy gamma lines, The theoretical sharp Compton edge is in

practice smeared out due to the finite energy resolution, and the remaining
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"peak" of the measured distribution is shifted toward lower energi.es7) .
Caelibration points obtained from Compton recoil electrons have to be cor-
rected for this shift. In the notation of Cramer et al.7) the function

fp describes the fraction of the Compton-edge energy EComp ton at which the
peak of the measured distribution appears. The Klein-Nishina cross-section

K(E,a) +3) has been folded with a Gaussian curve G(E,E’, AE):

Compton
K(a,E,AE) = 7 K(E',a) G(E,E',AE) dE' (3)

e o -mex(®) )

P EComp't:on

Here K(E,a) is the cross-section for giving an electron a recoil energy in
the interval between E and E + dE, and a is the energy of the gamma radia-

“tion in units of the electron rest mass, AE stands for the FWHM of the
‘Gaussian curve, and max(@ is the energy of the Compton "edge" as calcula-

ted by Eq. (3). The numerical integration has been done with a procedure
described by Waetzig“) . 'The function fp is shown in Fig, 6, assuming
10%, 15% and 20% FWHM of the Gaussian curve at 1 MeV, For the spectro-
meter described, the FVHM at 1 MeV is about 15%., The resulting energy

calibration curve, including monoenergetic electrons as well as Compton

recoil electrons, is shown in Fig, 7, Within the experimental accuracy
(~ 2%), the relationship between pulse-height and energy is linear. The
calibration curve presented here confirms the resuit of Cramer et a1.7),
where the linearity at energies higher than 5 MeV is based on a single

calibration point at 13,4 MeV,

INFLUENCE OF ANNIHILATION RADIATION

The different line shapes for monoenergetic electrons and positrons
(Fig. 3) indicate that the amount of pile-up is not negligible., To study
this effect in more detail a scintillator with the same dimensions as the
large scintillator, but containing two holes of 5 mm diameter and 4,5 cm
length each, was built, A source of '®F of known strength was placed at
different locations inside the holes in the plastic scintillator. By

e,
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using an absorber for the positrons from '°F, only Compton recoil electrons
of annihilation radiation were recorded, Varying the position inside the
scintillator simulates different positron energies, By counting the inte-
gral Compton recoil electron spectrum one obtains the detection $§ficiency
€ of annihilation radiation as a function of the positron energy /', The
scintillator used for this experiment and the efficiency € giving the '
fraction of Compton recoil electrons per positron decay are shown in

Fig. 8, The energy scale included in Fig. 8 is based on the range-energy
relation for electrons3), assuming that the annihilation takes place at a
position determined by‘the full range of a certain positron energy. This
energy scale is, of course, nominal, since scattering in the scintillator
has not been taken into account., The pile—up effect for this scintillator
is of the order of 10%, A similar experiment was performed with a scintil-

. lator of the same diameter but twice the length, and the corresponding

value of € was found to be about 25% to 30%.

In order to avoid this pile-up, a method described by D'Auria and
Preiss’s) was applied., The spectrometer was sandwiched between tﬁo
6 x 4 NaI(TL) crystels, snd coincident signals of 511 keV from both
crystals were required to store a pulse from the large plastic detector in
a multichannel analyser, The influence of this coincidence arrangément.

on the beta end-point energy is discussed below.

MEASUREMENTS OF BETA SPECTRA

The spectrometer was tested by measuring some beta spectra of nuclides

with known end-point energies, as listed in Table 1,

Fermi-Curie plots of the beta spectra of °°Y, '°Rh, and ®%Ga in radio-
active equilibrium with °°Sr, '°SRu, and ®®Ce, respectively, are shown in
Figs. 9 to 11. For the 2~ - 0' transition of °°Y, the shape factor of
Riehs16 was applied,

In order to investigate the influence of the pile~up due to Compton
recoil electrons of the annihilation radiation, the positron spectrum of
®2Rb has been measured both in the usual double coincidence and also in
the fourfold coincidence mode as described in Section 4, Fermi~Curie plots
of ®2Rb spectra are shown in Fig. 12a and 12b., The end-point energy measured

*) The zuthor is grateful to Prof, P.G. Hansen, who suggested this procedure,
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in fourfold coincidence (3,35 * 0,06 MeV) is not significantly lower than
in double coincidence (3.43 * 0,05 MeV), A second component in the beta
spectrum has an observed end-point energy of (2.57 * 0.06) MeV and (2.60 *
0.07) MeV for the two arrangements, respectively. The average energy dif-
ference of the two beta components of (0.81 * 0,06) MeV a§rees with the
energy of the first excited level in ®2Kr of 0.777 MeV ' /.,

Another way of seeing the influence of Compton recoil electrons on
the end-point energy of positron spectra is to use, for the same measured

‘8pectrum, the response functions of monoenergetic electrons and positrons

in Eq, (1). This was done for a °?Rb spectrum, and again the same end-

point energies within the experimental errors were found, This leads to

the conclusion thet the influence of Compton recoil electrons to positron

- end-point energies is small, Therefore, also positron spectra can be

measured in the double coincidence arrangement,

A study was made of ''®I as a first application of the spectrometer
for beté energy measurements of samples produced at the ISOLDE on~line
mass separator, Six-minute ''®Xe was collected for 20 min and allowed to
decay for 40 min to remove the xenon activity. Positron spectra of
14,3 min ''®] were measured, Also in this case the double and the four-
fold coincidences gave the same result within the experimentel error., A
Fermi-Curie plot of a ''°I spectrum is shown in Fig. 13, The end-point
energy was found to be (5.27 * 0.29) MeV. Only two measurements of the
1187 peta spectrum could be found in the literature. Andersson et a1,'®
measured mass-separated ''®I by absorption techniques and reported a Q-
value of about 8 MeV, which corresponds to about 7 MeV positron end-point
energy, provided the transition leads to the ground state., DButement and
Qaim195 found that ''®I emits positrons of 5.5 MeV end-point energy. In
the work of Butement and Qaim the mass assignment was based on mass formula

calculations,

CONCLUSION

Applying corrections for the measured spectra, the beta end-point
energies obtained in this work compare favourably with measurements of
magnetic spectrometers, Therefore with this scintillation spectrometer

one can expect to obtain maximum beta energies of short~lived isotopes

7
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with an accuracy of about 5%, Of course, the experimentzl accuracy might
be limited by several facts, i.e. a complicated beta continuum or the low
activity of the sources,
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Schematic diagram of the spectrometer,

The conversion electron spectrum of 2°7Bi teken with the
small detector., The arrows indicate the settings of a
single=channel analyser for the coincidence mode,

Line shapes for electrons (lower part) and positrons (upper

part) for 3.1 MeV betatron energy.

Positron lines measured at different betatron energies,
The solid curves are fits obtained by superposition of three

Gaussian curves,

AE/E'/2 for the energy range 1 MeV to 9 MeV., The point at
976 keV was obtained using a 2°7Bi source, the others by

monoenergetic electrons from a betatron., Full circles are
used for electrons and open ones for positrons, The curve

is normalized to 1 at 3 MeV,

Upper part: the function fp calculated for an assumed
resolution of the scintillator (FWHM) of 10%,
15% and 20% at 1 MeV,

Lower part: the result of folding the Klein-Nishina cross-
section with a Gaussian curve of 15% FWHM at
1 MeV, E, is the energy of the theoretical
sharp Compton edge,

Energy calibration curve obtained by the use of monoenergetic
electrons from a betatron (full circles) and Compton recoil

electrons (open circles),

The fraction € of Compton recoil electrons from annihilation
radiation detected per positron decay as a function of the

positron energy (see the text about the energy scale), The
lower part shows the shape of the scintillator used for the

determination of €,
Fermi-Curie plot of a °°Y electron spectrum.
Fermi-Curie plot of a '°°Rh electron spectrum.

Fermi-Curie plot of a °®Ga positron spectrum,




Fig, 12

Fig, 13
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Fermi-Curie plot of a ®2Rb spectrum taken (a) in fourfold
coincidence and (b) in double coincidence, Two components
were found,

Fermi-Curie plot of a '!'°I positron spectrum.
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