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A study on improvements in accuracy of nuclear data
measurements using y—ray spectroscopic methods

Kazuyoshi Furutaka

abstract

This report describes the study done by the author as a postdoctoral research

associate at Japan Nuclear Cycle Development Institute.

This report is divided into two parts: improvements in accuracy in determination of

thermal neutron capture cross sections, and improvements in accuracy of photo-nuclear

absorption cross section measurements using the HHS,

1)

2)

In the measurements of thermal neutron capture cross sections using an
activation method, accuracies of the final results attained are limited by (1)
accuracy of y~ray peak detection efficiencies, and (2) accuracies of y-ray
emission probabilities. In this study, to determine thermal neutron capture
cross sections more accurately, the following researches have been done
using a newly developed three-dimensional coincidence measurement
system: (1) accurate determination of y—ray standard sources using a y—y
coincidence method, for precise calibration of y-ray peak detection efficiency,
and (2) development of a B-y coincidence measurement system using a
plastic scintillation detector as a B-ray detector, for the determination of
Y-ray emission probabilities of short-lived nuclides, and measurement of
Y-ray emission probabilities of 1%T¢ nuclide using the coincidence system.

To transform radioactive nuclides with small thermal neutron capture cross
sections, use of photonuclear absorption reaction has been suggested. In
order to transform these nuclides efficiently using the reaction, one has to
know detailed hehavior of the photo-absorption cross sections. In this study,
a Monte-Carlo simulation code has been used to create a standard set of
Y-ray response functions of the high-resolution high-energy spectrometer

(HHS), to enable reliable analyses of the data obtained by the spectrometer.

Advanced Fuel Recycle Technology Division
Recycle System Analysis Group
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2.1 Construction of a y-y and p-y Coincidence Measurement
System for Precise Determination of Nuclear Data
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Construction of a v—y and f—y Coincidence
Measurement System for Precise Determination of
Nuclear Data

Kazuyoshi FURUTAKA, Shoji NAKAMURA, Hideo HARADA and Toshioc KATOH

Japan Nuclear Cycle Development Institute, Tokai works,
Tokai-mura, Naka—gun, Ibaraki—ken 319-1194
email : furutaka@tokai.pnc.go.jp

A «y—y and [~y coincidence measurement system was constructed for the pre-
cise determination of nuclear data, such as thermal neutron capture cross sec-
tions and v-ray emission probabilities. The validity of the system was tested
by a v—y coincidence measurement with a %°Co standard source.

1 Introduction

It is of fundamental importance for the nuclear transmutation study of radioactive
waste to obtain precise value of nuclear data, such as thermal neutron capture cross
sections, o,,. From this point of view, we have performed a series of experiments to
determine precisely thermal neutron capture cross sections of the FP nuclides by the
activation method. _

To determine o, precisely in the conventional activation method, in which + rays
emitted from an activated sample are measured using only one detector, accurate
data for 4-ray emission probabilities I, are required. For some nuclides, o,, can be
determined more precisely if the I, of their capture products are obtained with better
accuracy.

For the precise determination of ¢n, and I,, a y—y and f-y coincidence measure-
ment system was constructed. In this system, the data is accumulated in list format
with singles trigger condition, i.e. singles as well as coincidence data are taken simulta-
neously. This feature makes dead times of singles and coincidence measurements being
canceled out in deducing the activity, so cross sections can be obtained precisely.

In the next section, the feature of the system is described. Section 3 describes an
experiment in which v~y coincidence measurement was done using standard source, to
test the validity of the system. Details of the analysis are also presented in this section,
including corrections for sum coincidence and angular correlation. Finally, section 4
summarizes the present work.

2 Feature of the system

A schematic diagram of the system is shown in Figure 1. It consists of two detectors
and a fast data acquisition system. Gamma rays are measured by a large Ge detector
(relative efficiency 90% of 3” x3" Nal). In f~y measurements, a thin (0.5-2mm?) plastic
scintillator is used for 8 detection.
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Figure 1: Schematic diagram of the system

The data acquisition system consists of two series of amplifier(Canberra2025)-
Fast ADC(Canberra 8715) and a timing circuitry (TAC(ORTEC 566)-ADC(Canberra
8715)) connected to a multi-parameter interface(TOYO 623A). The list data gathered
by the interface are temporarily accumulated in one of the two cascade-connected large
capacity (64k words) CAMAC memory modules. The data in a memory module are
transferred to a PC (NEC PC-9821 Xal6) when the module is not in use, and stored
in hard disk of the PC, so the data is accumulated fast and efficiently. The data are
accumulated when there’s at least one ADC with valid datum. Coincidence events are
extracted from the list data in off-line analysis. In y-ray measurement in singles mode,
photo—-peak counts N;., of a 7 ray -v; in a detector i can be expressed as the following:

N,',-Yj =A% I-).j Ei,‘vj R, X T, (l)

where A is activity, /,, emission probability of v;, €., peak efficiency of ; in the
detector ¢, T the measurement time, and R; the ratio of live—time to elapsed time
for the measurement. In y—y coincidence measurement, the yield is described by the
following equation:

N2 = AX Ly €1 X Ly €34, x Be x T, (2)

where F¢ is live-time ratio for coincidence measurement. According to the above
relations, the activity A reads

1 Ny Ny, By Ry

A=—
T ‘[Vl 22 RC

: (3)

In this system, Rg = R; Ry, and

— _1_ le‘?'l N2|‘1’2

A=
3
T Nl 1 2ry2

(4)

i.e. the dead times in singles and coincidence measurements are canceled out.

3 Validity test of the system

To test the validity of the system, a y—y coincidence measurement was performed
using a ®°Co standard source with known activity. Gamma rays emitted from the
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source were measured with the two Ge detectors. The detectors were placed face—to-
face, and the distance between the source and the front surfaces of the detectors were
20cm. Counting rate for a detector was ~ 2k cps. A tota.l of 1.6 x 107 events were
accurnulated within about an hour.

Shown in Figure 2 are projection spectra of the energy of the two detectors and TAC
data. The two -« rays (1173 and 1333 keV) from the source are clearly seen. Also seen
in the figures is 1461 keV peak, which is originated from *°K in the room background.
From these projection spectra, yields of the 1173(1333)keV + ray in Ge-1(Ge-0) was

Progectlon spectra

1000 —— ’ — '
3 <——— TRUE —— <———— CHANCE —— =3
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200 | :
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Figure 2: Projection spectra.

obtained.

To extract y—y coincidence events, gates were applied to TAC peak (‘TRUE’ in
Figure 2) and Ge-1 1173 keV peak (‘Gp’ in Figure 3). Spectrum thus obtained is
shown in Figure 4. .

One of the advantages of hstuform data acquisition is that it enables various cor-
rections such as chance coincidence and background contributions, without relying on
empirical formula. To estimate contributions from chance coincidence and background
component in the coincidence events, separate gates were applied, and the resultant
yields were subtracted from the number of coincidence events. Chance coincidence
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contribution was estimated by gating ‘Gp’ and off-peak portion of TAC data. For
background estimation, two gates with the same width were applied on both sides
of the peak (‘G;” and ‘Gy,’ in Figure 3), and an average of the resultant counts was
regarded as the background.

In addition to the corrections described above, corrections for angular correlation
and sum coincidences were made. The correction of coincidence counts, N ,, 3 -, for
the angular correlation was done using the following well-known angular correlation

function of the two + rays,
W(8) =1-+0.102 x Py(cosf) + 0.0091 x Py(cos 8), (5)

where 8 is the opening angle between the two 7 rays. The correction factor amounted
to 1.112. In sum coincidence events, the two cascade + rays are detected in the same
detector, and therefore singles photo-peak counts are reduced. The correction factors,
Fso, of the sum coincidence were calculated for the two cascading v rays to be

Fsciira = (1.0 — ep 323 X fw) ™} (6)
and
I3 o
Fscaass = (1-0 — 2 X epagms ¥ fW) , (7)
+,1383

where €7 1173(€7,1333) is the total detection efficiency of 1173(1333) keV 7y ray, I, ; 173{ 1 1333)
emission probability of the 1173(1333) keV -y ray, and fiw is the average value of angular
correlation function over the detector solid angle weighted by the y—ray attenuation
probability in the Ge crystal. fi was calculated using the relation (5) above. The
factors for the present setup are Fso 1173 = 1.00517 and Fsc 1333 = 1.00531.

Taking into account all of the above corrections, the activity of the source was
obtained as 135.4 + 5.8 kBq, which agreed to the catalog value with decay correction,
132.5 £ 2.5 kBq. Thus, validity of the system was confirmed in the y—y coincidence
experiment. The error of the obtained value was mainly (99.6%) originated from the
statistical error of the number of coincidence events, and can be reduced with long-time

measurements.

4 Conclusion

For precise determination of source activities and +y-ray emission probabilities, a
v~y and 8-y coincidence measurement system was constructed. Using this system, in
which the data are accumulated in essentially singles mode, the dead times for singles
and coincidence measurements are canceled out, and the activity can be determined
accurately.

To check the validity of the system, the activity of the 89Co standard source was
measured with the system using y—y coincidence method. The obtained value was
agreed to the catalog value within the error, and the validity of the system was con-

firmed.
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For the precise determination of y-ray emission probabilities of short-
lived FP nuclides, a 8-y coincidence measurement system has been de-
veloped, which utilizes a thin plastic scintillation detector as a S-ray
detector. To demonstrate the performance of the developed system, it
was applied to the measurement of absolute v-ray emission probability I
of short-lived nuclide, Al (T2 = 2.24 (min)), whose I, is well known.

1 Introduction

For the nuclear transmutation study of radioactive waste, it is of fundamental im-
portance to obtain precise nuclear data, such as thermal neutron capture cross sections,
0. However, some of the available nuclear data are poor in accuracy. In recent years,
many works have been extensively done to improve accuracy of such nuclear data using
modern radiation detectors and electronics, usually with the activation method[1].

In a conventional activation method, a sample is irradiated with reactor neutrons
and vy rays emitted are measured, and the cross sections are deduced from the y-ray
yields. In the calculation, absolute y-ray emission probabilities I, are used. Therefore,
precision of I, is one of the major factors which determine the precision of the final
result, and it is essential that I, is precisely determined.

For nuclides with their half lives longer than several minutes, a 4% §-v coincidence
method has been successfully applied. However, in this method, a radioactive sample
has to be set inside a 4w B-ray gas flow proportional counter so as to attain S-ray
detection efficiency to be close to unity, and it takes a couple of minutes to prepare a
sample and to set up a B-ray counting system. It is, therefore, difficult with the method
to determine absolute y-ray emission probabilities of short-lived miclides, whose half
lives are considerably shorter than few minutes.

For precise determination of y-ray emission probabilities of short-lived nuclides, a
-y coincidence measurement system has been developed, which utilizes a plastic scin-
tillation counter as a 3 detector and a fast data acquisition system. In this system,
energy and timing information are accumulated in event-by-event mode. By using
a plastic scintillator for G-ray detection instead of a 4w S-ray gas flow proportional
counter, the time required for the preparation of the radiation detection equipments is
greatly reduced, because there is no need of putting a sample inside a detector and set-
ting up a gas-flow G-ray counting system. It is also essential for efficient measurement
of radiation from short-lived nuclei to use a fast data processing system which operates
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at high counting rates. In addition to these, it is inevitable in such high counting
condition to determine dead times precisely to extract true coincidence events unam-
biguously.

2 The [-v coincidence System

A schematic diagram of the S~y coincidence system is shown in Figure 1. The
system consists of a Ge ~y-ray detector, a plastic scintillation S-ray detector and a fast
data acquisition system.

HPGe y-ray detector
(relative efficiency : 90%})

50Hz
Pulser‘H ___| Amp]—| LGS H ADC I._..

5| 5 Q

iy TFA || CFD start Q 2 NE L
2 NEEZ

} [ Taclqabclq 38 2 B
< 2 &gy

B~ < o 65

o -G

Multiparameter hterface

$ B TFAH Discrstop
Plastic scintillation  Amp —— LGS |—] ADC |

detector (33cm=)

CAMAL memory module (64 wurds)
CAMAC memory modale {64k words)

Amp : Spectroscopic Amplifier (Canberra 2024)
TEA : Timing Filter Amplifier . (ORTEC 474)
CFD : Constant Fraction Discriminator (ORTEC 935)
Discr: Discriminator (LeCroy 821}

LGS : Linear Gate and Stretcher {(ORTEC 542)
ADC: Analog to Digital Converter  (Canberra 8715)
TAC: Time to Amplitude Converter (ORTEC 566)

Figure 1: A schematic diagram of the -y coincidence system.

A large volume Ge detector whose relative detection efficiency is 90% of that of
7.6 cmx 7.6 cm Nal is employed to measure v rays from short-lived nuclei efficiently.
For B-ray detection, a thin and small plastic scintillation detector is used, which is
4 mm in thickness and has an area of 33 cm?. By using a plastic scintillator as a G-ray
detector, the time required for preparation of the irradiated sample and the detection
equipments is greatly reduced, and one can efficiently measure radiations from short-
lived nuclei. In principle, it is applicable to the measurement of I, of a nuclide whose
half life is the order of a second.

The energy signal of each detector is fed into an amplifier and then converted by a
fast analog-to-digital converter (ADC, Canberra 8715). The timing signal is fed into
a discriminator circuit and timing information is extracted. Time difference between
the two signals are recorded using a time-to-amplitude converter (TAC) and an ADC.
For an efficient measurement of radiations from short-lived nuclei, one should perform
a measurement at a high counting rate so as to improve a statistical accuracy. In such
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a measurement, the TAC information is inevitable to eliminate accidental coincidence
events and to extract true number of coincidences.

The data converted by ADCs are processed by a multi-parameter interface module
(TOYO 623A) to compose a list of event data. The data are recorded in event-by-event
mode to distinguish true coincidence events and to eliminate spurious events such as
that caused by accidental coincidence. To reduce dead times in the course of the data
acquisition, the data are temporarily accumulated in one of the two memory modules
with large capacity (LeCroy MM8206A), which are cyclically connected to operate as
a ring buffer, and are transferred to a personal computer for storage when the other
memory module is active.

The system is operated in singles trigger condition: when at least one of the two
detectors detects a radiation, data of both detectors are stored. The coincidence events
are extracted in later off-line analysis.

3 An application to the determination of I, in Al

To demonstrate the system for an actual 34 2.24m
L, determination of a short-lived nuclide, an 28A1 \100%
experiment was done for 1779 keV v ray of 642 ke 2 45t
2 Al. Decay scheme of Al is shown in Fig- Qpr =a642 1779 keV
ure 2. The BAl decays into 2Si with a half o ¥
life of 2.24 minutes. In the decay, only one SN
7y ray (1779 keV) is emitted, and the I, is
known to be unity[2]. In this case, I, is Figure 2: Decay scheme of 8Al.
expressed as !
nc
I’r - €y TLg’ (1)

where €, is detection efficiency of the + ray, ng is counting rate of 3 detector, and n,
is counting rate of -y coincidence event.

Acrylic plate (3 em)
for 3 -ray shield

v -ray detector +
28 Y
" Al 7 3 detector
Ge (90 2 ) . - w (plastic scintillator)
| YO E T (a0Mn=—11%
— -
E.,. = 0.6049 % 8 cm 4 em
@1.333MeV

Figure 3: Experimental setup of the I, measurement for 1779 keV + ray in BAl

The setup of the experiment is shown in Figure 3. Natural Al foils of 6.76 mg/cm?
in thickness and 99.0% in chemical purity were irradiated in Rotating Specimen Rack
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of the research reactor in Rikkyo University. Activity of about 1 MBq was produced by
one minute of irradiation, and after cooling of about six minutes, - and v-rays were
measured for ten minutes. The data were saved every 20 seconds. Measurements were
also done with a f-ray shield placed between the irradiated sample and the § detector
in order to estimate contribution of -y rays to the § detector. An acrylic plate of 3 cm
thickness was used as the (-ray shield.

Shown in upper half
of Figure 4 is a typi-

cal y-ray spectrum. As 5 108 —— ]
can be seen in the fig- 5104 i ) seejostion. 751
ure, no remarkable vy ray Q

is observed other than "‘5102

1779 keV v ray in 2AL N R

Depicted in lower half ° 1000 R0 ber P 4000
of the figure is a decay

curve of the 1779 keV v 8 20000 —gg 1 e comected ]
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dead times. Drawn in B ool .."‘.""-...“ E
the figure in a solid line E 1000 E_}'f,;",,?‘g_ﬁ% -126?5‘1‘52"1’; I s SO
is a result of fitting the soof——l ol s
data by a function of the Time after irradiation (s)

time, £, _
Figure 4: (Upper) : A «y-ray singles spectrum observed in a

A2t c, (2) rum (Lower) : A decay curve of the 1779 keV -~y ray in Al
in the same run, after dead-time correction.

where A, 7 and C are
fitting parameters. The 7 means a half life. By averaging the values of 7 obtained
in all runs, a half life was obtained as T}/, = 2.248 £ 0.018 (min), which agrees with
that reported in ref.[2] within the errors, and therefore the v ray was assigned to be
originated from ®Al.
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emitted from % Al. Therefore, lower bound- Chonnel Number
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the number of 3 rays. trum in a run.
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The number of § rays coincident with the 1779 keV -y ray was deduced by imposing
several gates; I'p, I'y and I';, were applied on the v ray data, while gates Tp and T}
on the TAC data, as shown in Figure 6. Let n(T;,T;) be the number of 8 counting
rate obtained by applying the gates I'; and T;(i = P, H, L, j = P,0) on the v-ray and
the TAC data, respectively. The true § coincidence counting rate n, is obtained using
the following relation,

e = TL(FP,TPJ — Rx ‘TL(PP,To)

_ @ (n(PLsTP)'gn(PH:TP) B Rn(FL;TO)';n(PHaTO)) (3)

where R represents the ratio of width of Tp
to that of Tp, and R’ the ratio of width of 108
g to that of T';. [
Shown in Figure 7 are decay curves of
B singles (ng) and coincidence (n.) count-
ing rates above the 20 channel of S-summing

1778 eV 7 (aingles} |
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10 -
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A slight deviation is observed in the sin-
gles data after about 800 seconds, which
seems to be caused by the remaining long
life backgrounds. Therefore, the data were
fitted with the function (2) and component with half life of 2.24 (min) was extracted.
In the fit, 7 was fixed at 2.24 minutes and both A and C were varied as free parameters.
From the ng and n, obtained
as above, I, of the 1779 keV « T T
ray was calculated using the rela- i
tion (1) for each lower limit of 8
summation. The y-ray detection
efficiency at 1779 keV was de-
termined using ®Co, ¥"Cs and
152Fu standard sources. Preci-
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the results agree with one another within the errors. The results with errors less than
one percent is obtained except an error originated from the determination of ¢,. The
obtained results are about two percents smaller than that reported previously [2]. In-
cluding the error of the y-ray detection efficiency, the result agrees with the previous
data within the limits of errors.
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1, of 1779 keV 7y ray in *®Al (%)
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Lower limits of § summation (Channel Number)

AO

Figure 8: Results obtained in the present experiment for I, of 1779 keV ~ ray in %Al

4 Conclusion

For the precise determination of absolute y-ray emission probabilities I, of short-
lived nuclides, a 8-v coincidence measurement system has been developed, which uti-
lizes a thin plastic scintillation detector as a S-ray detector.

The system was applied to the measurement of the absolute v-ray emission proba-
bility of a short-lived nuclide 2 Al. The system was demonstrated to have the ability
to measure the absolute y-ray emission probabilities of short-lived nuclides with the
precision of < 2%. By improving accuracy of -ray detection efficiency, an absolute
y-ray emission probability will be determined with the total error less than 1%.
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Abstract

For precise determination of +-ray emission probabilities of short-lived nu-
clides whose half-lives are less than a few minutes, a 8- coincidence measure-
ment system has been developed which uses a plastic scintillator as a S-ray
detector. The system was applied to a measurement of the absolute y-ray
emission probability of 1779 keV «y ray in Al (T} /, = 2.24 minutes), whose
~-tay emission probability is well known. The uncertainty of the measured
v-ray emission probability was smaller than 2 %. Performance of the 8-
coincidence sys.tem has been demonstrated for a short-lived nuclide, and the

details of the corrections has been analyzed.

KEYWORDS:
absolute v-ray emission probability, short-lived nuclides, 8-y coin-
cidence, plastic scintillator, Germanium detector, 2 Al, dead-time

correction, high counting raotes



JNC TN8400 2000-028

3L ER:

F BT LT OEFGHRED v R Ee BEICHET 572012, 8
BRHEBICTSIAF v 7y F L =25 BVl By RIS A7 4%
BSL7, WRLAYAFATAVT, v B SIS EDO BAICERE
2.24 73) D 1779 keVy MOBMHBEE L B %2 o7z, v BBHELERE
2RUTCIRET B ENTE, FY AT LI EEGEED v B
FBIEWTH DI ENFEREI N, L CHEOFCI OV THEE B
Zlolz,



JNC TN8400 2000-028

I. INTRODUCTION

An absolute emission probability of a -y ray, I,, is one of a fundamental quantity that
characterizes the nuclide, and is often used in deducing amount of a nuclide produced in
a nuclear reaction. To determine a thermal neutron capture cross section of a nuclide, for
example, -y rays emitted after # decays of the capture products are measured and the cross
section is deduced from the y-ray yield. The I, is used to deduce the cross section from the
obtained y-ray yields. Therefore, precision and accuracy of the cross section are dependent
on the precision and accuracy of I, and it is essential that I, is precisely determined.

An absolute y-ray emission probability is usually determined by -+ coincidence measure-
ment. For nuclides with half-lives longer than several minutes, a 47 5~ coincidence method
has been used for determination of 17(1)_ In a conventional 4w 8- coincidence method, a
radioactive sample is set inside a 4w B-ray gas proportional counter so as to achieve G-ray
detection efficiency close to unity, and it takes a couple of minutes to prepare the sample
and to set up the 8-ray counting system. For the method to be applicable to a short-lived
nuclide, lots of effort has been put into shortening the time required for replacement of gas
- and a sample. One of the solutions is a use of a multi-anode 47 B counter with a slide-type
source-mount(?, which is operated with CF, gas at atmospheric pressure(®.

To determine I, of a short-lived nuclide, one must measure both § rays and v rays in
a short period before its radioactivity decays out. At the same time, to improve statisti-
cal accuracy, one should observe as many decay events as possible. This means that the
measurement should be done at high counting rates. Use of a detector with slow timing
characteristics in such a condition increases loss of counting. This not only deteriorates
the statistical accuracy but also introduces a large systematic error in correcting the loss.
Therefore, fast radiation detectors with good timing property should be used in conjunction
with a fast data acquisition system which operates well at high counting rates.

By increasing counting rates, the number of accidental coincidence events also increases.

At the same time, proportion of dead times becomes larger with the counting rate. These
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effects lead to a wrong result, and should be corrected. Because the proportions of the
accidental coincidence and dead times are dependent on the counting rates of the detectors,
and the counting rates are rapidly decreasing in a measurement of radiations from a short-
lived nuclide, the corrections should be made for every short interval compared to the half-
life.

To determine absolute y-ray emission probabilities of short-lived nuclides, a g~y coin-
cidence system has been developed, which uses a plastic scintillation detector as a fF-ray
detector, a high purity Ge detector as a vy-ray detector, and a fast data acquisition system.
By using a plastic scintillator for f-ray detection, whose signal has a rise time and a decay
time of the order of nanoseconds, F rays can be measured at higher counting rate than a
gas proportional counter. In addition to this, distance between a radioactive sample and a
~v-ray detector can be reduced by using a thin scintillator, and one can improve statistical
accuracy in the -ray yield. In the developed system, energy and timing information are
accumulated in event-by-event mode to enable reliable corrections of accidental coincidence
and dead times. To enable corrections that are dependent on the counting rates, the de-
veloped system stores data into files at each preset interval of a measurement. The system
equips data buffers with large capacity to operate well at high counting rate and to minimize
dead times in the course of the data acquisition.

The purpose of this paper is to describe the performance of the developed -y coincidence
system. To demonstrate the ability of the system, the I, of short-lived nuclei, 28Al (T} j2 =
2.24 (min)), has been measured. This paper is organized as follows: In Section II, details of
the 8- coincidence system are presented. In Section III, the measurement of I, of 1779 keV
~ ray in Al are described. Details of the data analysis are also given in the Section III.
Section IV is for discussions of the obtained result and of the data analysis. Conclusions are

addressed in Section V.
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H. THE 8-y COINCIDENCE MEASUREMENT SYSTEM

A schematic diagram of the §-v coincidence system is shown in Fig. 1. The system
consists of a high purity Ge solid-state v-ray detector, a plastic scintillation S-ray detector,
and a fast data acquisition system.

A large volume Ge detector is employed whose relative detection efficiency is 90 % of that
of 7.6 cmx7.6 cm Nal detector, to efficiently measure -y rays from short-lived nuclei. It has
a built-in transistor-reset type pre-amplifier that enables high counting-rate measurements.

For (-ray detection, a thin plastic scintillator (Nuclear Enterprises, Inc., NE102A) is
used. The scintillator is of trapezoidal shape (4.6 and 7.5 cm in lengths of the parallel
sides, 5.0 cm in height and 4 mm® in thickness}, and is optically coupled to a metal-package
type photomultiplier (PMT, Hamamatsu Photonics K.K., R5600U+E5780) through a light
guide. The output signals from the divider of the PMT are directly fed into the processing
circuitry. The detector has a rise time of signals of about 3 ns. By using a plastic scintillator
as a J-ray detector, B rays can be measured at higher counting rates than that at which the
gas proportional counter is able to be operated, and one can efficiently measure radiations
from the short-lived nuclei.

The energy and timing information of the radiations are recorded in event-by-event mode.
Acquisition of data in event-by-event mode is inevitable to extract the true coincidence events
in off-line analysis using the timing information.

‘The energy signal of each detector is fed into a spectroscopic amplifier (Canberra, 2024
and 2025) and then converted in a fast analog-to-digital converter (ADC, Canberra 8715,
which converts a datum in (width of the input signal)+0.8us). The timing signal is fed into
a discriminator circuit and timing information is extracted. Time difference between the two
timing signals is converted to digital datum using a time-to-amplitude converter (TAC) and
an ADC. The data converted by the ADCs are fed to a multi-parameter interface module
(TOYO 623A) to generate a list of event data. To reduce dead times in the course of the

data acquisition, the list data are at first accumulated in one of the two dual port memory
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modules with large capacity (LeCroy MM8206A), which are cyclically connected to operate
as a ring buffer, and are transferred to a personal computer for storage while the other
mémory module is active. The accumulated data are partitioned off at each preset interval
and saved into separate files on a hard disk of the computer. This enables various corrections
which are dependent on counting rates to be done accurately. The system is operated in
singles trigger condition: when at least one of the two detectors detects a radiation, data of
both detectors are stored. Whether an event is -y coincidence event or not is determined
in later off-line analysis. This enables reliable elimination of spurious events based on the

recorded timing information.

II1. AN APPLICATION TO THE DETERMINATION OF I, IN AL

To demonstrate the applicability of the system to actual I, determination of a short-
lived nuclide, the I, of 1779 keV + ray in Al has been measured. The Al decays via 5~
transition into 2881 with a half-life of 2.24 min®. Decay scheme of Al is shown in Fig. 2.
The Al decays to a 2* state in 285i, and only one v ray is emitted during the decay. The I,
of 1779 keV « ray decaying from the 2% state is well determined to be unity®. Conversion
electrons are not emitted. In this caée, the data analysis is simple, and therefore the nuclide
is suited to demonstrate the ability of the system for the determination of I,.

The singles counting rates of the 5 rays ng and -y rays n, are expressed by the following

relations,

ﬂﬁ=AEg, (1)

Ny = Ay L, (2)

where A denotes the activity of the sample, £5 detection efficiency of the 3 ray, and e, peak
detection efficiency of the ~ ray. In the same way, the 8- coincidence counting rate n. is

expressed as
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ne = Acgey L. _ (3)

Angular correlation between # and « ray is neglected in the above relation, because it is
expected only for first and higher order forbidden 3 transitions'®. These three relations lead

to the following expression of I,

1 n
I7=——C.
Ey Nig

1. The experimental setup

The experiment was carried out at The Institute for Atomic Energy of the Rikkyo Univer-
sity. Natural foils of aluminum (99 % in chemical purity) were irradiated for 60 seconds with
neutrons in Rotating Specimen Rack of the research reactor TRIGA MK-II at the Institute.
Thickness of the foils is 25 ym (6.75 mg/cm?). Size of the foils are about 5 mm x5 mm. The
irradiated sample was placed between the (- and ~-ray detectors as shown in Fig. 3. The
distances between the sample and the front surfaces of the detectors were 8 cm for v-ray
detector and 4 cm for 3 detector, respectively.

In the experiment, the shaping times of the amplifiers were set to 0.5 us and 4 us for
B- and ~y-ray channels, respectively. The widths of the output signals from the linear gate
modules were all set to 2 us.

Radiations emitted from a sample were measured for 10 minutes. The data were saved
every 20 seconds. Measurements were also done with a f-ray shield placed between the
sample and the 8 detector, to estimate susceptibility of the plastic scintillator to radiation
other than § rays. An acrylic resin plate of 3 cm in thickness was used as the 8-ray shield.

“The range of Al f rays in an acrylic resin is estimated to be 1.2 ¢m with a semi-empirical
formula'®). Therefore, the shield stops the 8 rays completely. A total of 11 measurements
were done including 5 runs with the S-ray shield.

As can be seen from the relation (4), the y-ray peak detection efficiency gy should be

accurately calibrated in order to determine 7, precisely. The e, was calibrated using *52Eq
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and % Co standard y-ray sources. The activity of the %Co source was accurately determined
by a series of -y coincidence measurements. Precision of the activity of the %°Co source
is 0.48 %. Precision of the activity of the »2Eu source was so poor as 8.7 %. The *2Eu,
however, emits v rays ranging from 122 keV to 1408 keV, and their relative strengths are well
established(™. Therefore, the *2Eu source is useful in determining y-ray energy dependence
of the detection efficiency. The ¢, was assumed to be dependent on the y-ray energy E,
in the following form: &,(E,(MeV)) = aexp(b log{E,)) (%), where a and b are constants.
The slope parameter b was determined by measuring the v rays from the 52Eu standard
source positioned in the same place as a Al sample. The summed-coincidence effect for
cascading 7 rays in ®?Eu has been corrected. Then the normalization parameter a was
determined by measuring the 7y rays from the %Co source. The parameters were determined
to be @ = 0.701 £ 0.001 and b = —0.591 £ 0.007, and the efficiency at 1779 keV was
0.499 + 0.002 % for the present setup. The details of the v-v coincidence measurements will

be presented elsewhere(®,

2. Data analysis and the result
(1). The projection spectra

Shown in Fig. 4 (a) is a typical v-ray projection (singles) spectrum. As can be seen
from the figure, no remarkable v ray other than 1779 keV is observed below about 4 MeV.
A decay curve of the - ray that was obtained for the same run, after dead-time correction
described later, is plotted in Fig. 4 (b). A solid line drawn in the figure was obtained by

fitting the data with a function of the time, ¢,
In2
N exp(—T t)+ C, (5)

where NV, 7 and (' are fitting parameters. The 7 means a half-life. By averaging the values
of T obtained in all runs, a half-life was obtained as T}/, = 2.248 4 0.002 (min) which agrees

with that, 2.241440.0012 (min), reported in Ref. 4 within the limits of errors. The half-life _
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of Al is also reported in Ref. 9 to be 134.930.009 (s) (2.24884-0.0002 (min)), with which
the present result agrees better. Therefore the v ray was assigned to be originated from
BAL

Shown in Fig. 5 in a solid line is a typical S-ray singles spectrum obtained in a run
without the F-ray shield, after subtraction of data obtained in runs with the S-ray shield.
Solid circles in the figure represents a [-ray spectrum obtained by imposing a gate on
1779 keV ~-ray peak region. The gated spectrum is normalized to the singles one. The
singles spectrum deviates from the gated one only below about 30 channel, which suggests
that there are some events which were not caused by 3 rays emitted from Al Therefore,
when counting the number of 3 rays detected in the plastic scintillator, lower limit of the
summation was varied and the influence to the result was examined.

Shown in Fig. 6 (a) is a TAC spectrum observed in a typical run without the S-ray
shield. A peak which originated from -y coincidence events is clearly observed in the
spectrum. The asymmetry observed in shape of the peak was caused by a difference of the

rise time between the Ge and the plastic detector.

(2). Extraction of the true number of coincidence events

In principle, the number of coincidence events (and hence the coincidence counting rate)
can be deduced by selecting the events whose v-ray energy and TAC data are in the corre-
sponding peak regions and by counting the number of gated § particles. The events thus
selected, however, include not only accidental coincidence events but also events that are
caused by Compton scattering of -y rays with higher energy than that of interest and the
energy deposited in the detector happen to be the same as that of the peak (Compton
tail coincidence events). If such events are included in the number of coincidence events, a
wrong result will be obtained, in particular in a measurement at a high counting rate such
as that encountered in a coincidence measurement of radiations from a short-lived nuclei.

Formulae for correction of accidental coincidence have been presented by several authors
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(Refs. 5,10,11). No general formula exists for correction of the Compton tail coincidence
events. Therefore, a correction for the Compton tail coincidence events should be done based
on the observed spectral shapes. The TAC information is essential in the correction.

To eliminate these spurious coincidence event and extract true coincidence counts, several
gates were applied on both the v-ray data é.nd TAC data, namely I'p, 'y and I'L on the
y-ray data and Tp and 7o on the TAC data, as shown in Fig. 6 (a) and (b). The gate I'p
selects events with v-ray data in the y-ray peak region, whereas I’y and T'y with y-ray data
below and above the peak region, respectively. The Tp denotes a gate for selecting events
whose TAC data is in the peak region, To off-peak events which are recorded by accidental
coincidence. Let n/(T';, T}) be the number of § counting rate obtained by applying the gates
I'; and T (i=P,H,L, j=P,0)} on the y-ray energy and on the TAC data, respectively. The

true B coincidence counting rate n; is calculated using the following relation,

n:: = n’(rp, Tp) — R x ’I‘Z,(Fp, To)

_ R x (n’(FL:TP);n’(FH,TP) — Rx n'(I'z, 7o) ;n'(FHrTO)) . (6)

where F represents the ratio of width of 7% to that of 7o, and R’ the ratio of width of I'p
to that of I't,; width of I'y is taken to be the same as that of I'y. The second term in the
right hand side of the relation represents correction for accidental events, whereas the third
term is correction for Compton tail coincidence events. In Fig. 7 (a), n and n'(p, Tp) in
a typical run are plotted against the time after irradiation. The ratios n/(T'p, Tp)/n/, were
also plotted in Fig. 7 (b). As can be seen from the figure, at 470 s after irradiation, as
much as 14 % of the events in »'(I'p, Tp) were due to the spurious coincidence events. Also,
it can be seen from the figure that the ratio is rapidly changing with time. Therefore, in a
measurement of radiations from a short-lived nuclide, correction for the dead times should
be done for each short interval in which the decrease in counting rate is not large. Also
plotted in the figure are ratios of n'(I'p, Tp) — Rn/(T'p, To) to n., which represent ratios of
the number of coincidences that was corrected only for accidental coincidence to the one that

was corrected both for accidental coincidence and Compton tail coincidence. Although the
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ratios are on the average 0.3 % larger than unity in the present experiment, correction for
Compton tail coincidence events will be more important in a measurement in which many

numbers of y rays are emitted from the radiocactive nuclide of interest.

(3). Dead-time corrections

Before the relation (4) is used to deduce I,, corrections for dead times and vy-ray events
in the  detector should be made. Formulae for dead-time corrections of singles and coin-
cidence counting rates have also been discussed in Refs. 5,10,11. In the present analysis,
- a prescription described in Ref. 11 was employed. Let nj(l) and ng(l) be respectively the
observed [ and coincidence counting rates above a lower limit of § summation [, nj and n
the corresponding total observed counting rates. Similarly n;, and n., represent the observed
and true y-ray counting rates and let 74 and 7, be the dead times of the respective channels
which include not only the dead times of the detectors but also dead times of the electronic
circuitry. The true 8 (ng(!)) and coincidence (n.(l)) counting rates above { are calculated

using the following relations,

ng(l) = Dsng(l), (7)

ne(l) = D ng(1), (8)
1

Ds = m, (9)

D. L (10)

1 — N T — Nl Ty +nLTs

assuming 75 < . .
The dead times 75 and 7., were determined in a separate measurements using the same

setup, in which counting rate of each of the detectors was varied using a standard radicactive

source and losses of signals of a precision pulse generator was observed. In the measurements

it was confirmed that the ratio of the number of recorded signals to that of generated pulses

decreased linearly with the apparent counting rate up to a counting rate of 10k cps. The

obtained values were 73 = 6.38 £ 0.18 us and 7, = 32.56 + 0.30 us. In Fig. 8, the observed
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counting rates for § and  ray in a run without g-ray shield, nj; and n;, (a), and the resultant
dead-time correction factors for G-ray singles and coincidence, D; and D, (b), are plotted as
a function of time. It should be noted that, as is seen from the figure, D, amoﬁnted to about
16 % at 470 s after irradiation. This indicates an importance of the dead-time correction
in a high counting-rate measurement. Also note that the dead-time correction factors are
rapidly varying functions of the time. This also indicates the need of the correction at short
intervals.

After the dead-time corrections, y-ray events detected in the 3 counter were subtracted.
All of the events observed in runs with the S-ray shield were assumed to be caused by
1779 keV ~y rays. Data for lluns with the 0 shield were summed and normalized by a ratio of
weight of sample, and then subtracted from the data without the /3 shield. Attenuation of
the 1779 keV «y rays in the 8 shield was also taken into account, and corrected using atomic

photoabsorption cross sections tabulated in Ref. 12.

{4). The results

The open circles and solid circles in Fig. 9 show decay curves of the 8 singles (ns(l))
and the B~y coincidence (n.({)) counting rates with { = 30 in a run, respectively, where the
dead times were corrected and the backgrounds were subtracted in the manner as described
in the previous subsection. Dashed lines in the figure represent the result of fitting the data
by a function of the same form as in (5), with C and 7 fixed at 0 and 2.248 min, respectively.
While no visible deviations are observed in n,, slight deviations are observed in ng, which
seems to be caused by the remaining long-life backgrounds. Therefore, the data were fitted
with the function (5) with 7 fixed at 2.248 min and both N and C varied as free parameters,
and contributions from components with half-life of 2.248 min were extracted. In the fit,
the parameter C' was constrained to be positive. The results of the fits were indicated in
the figure in solid lines.

Then, the ratios nc(l)/ng(l) were calculated for each run from the results of the fit, and
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then averaged over all runs without the S-ray shield. The ratios are plotted in Fig. 10 (a).
Errors of the ratios, which include both statistical and systematic ones, are smaller than the
size of solid circles. and the magnitude of the errors was as small as 1.0 %.

Finally, I, was obtained from ratios (1/e,)(n.(1)/ns(l)). These ratios are plotted against
the lower limit of § summation, [, in solid circles in Fig. 10 (b). The resulis agree with one
another within the limits of errors, and essentially independent of {. This is natural, because
no conversion electron is radiated and only one - ray is emitted in the decay of 22 Al nucleus.
From the ratios, I, of 1779 keV - ray in Al was determined as 0.99540.014. The obtained
value agrees with that reported in Ref. 4 within limits of errors. Error of the obtained result
is as small as 1.4 %. Therefore, the ability of the system for the determination of an absolute
~-ray emission probability of a short-lived nuclide was successfully demonstrated in the case
where only one v ray is emitted. Also plotted in the figure in open circles are I, values
obtained from an analysis in which corrections for dead times and ~-ray attenuation in the
(-ray shield were not made. The results without the corrections are about 10% smaller
than that with the corrections. This fact clearly indicates an impbrtance of the dead-time

correction for a measurement at a high counting rate.

IV. DISCUSSION
1. Uncertainty of the obtained results

The errors of the obtained result (0.995 + 0.014) include:
o statistical error

error resulting from the assumption that in runs with the S-ray shield all events ob-

served in the G-ray detector were caused by the 1779 keV ~ rays (< 0.43 %),

errors in ng and n, that is caused by fixing the parameter 7 to 2.248 min  (0.56 %),

e error resulting from the §-ray discrimination level [ - {0.49 %),
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e crror in the v-ray detection efficiency resulting from the ambiguity of the calibration

source intensity (0.5 %),

e error in the -y-ray detection efficiency resulting from the ambiguity of the source posi-

tion (0.91 %).

It should be noted that errors of the ratios n.(l)/ng(l), i.e. total errors except for the ones
in detection efficiency of the v ray and in S-ray discrimination level [, are as small as 1.0 %.
This again shows the ability of the system to the determination of I,. As much as 64 % of
the total errors were resulted from the error in the determination of the detection efficiency
of the v ray. Therefore, if y-ray detection efficiency is determined more precisely, an absolhite
v-ray emission probability is more precisely determined using the present method. This can

in part be achieved by reducing ambiguity in the activity of the source.

2. Application to a nuclide with complex decay scheme

In the present paper, an application of the developed -7 coincidence system to the
determination of absolute y-ray emission probability of 1779 keV -y ray in 2 Al is described.
In this case, only one -y ray is emitted. Also, no conversion electron is emitted. Therefore,
the relations (1)—(4) suffice the analysis.

To apply the system to determine 7, of nuclides with more complex decay schemes,
detection efficiency of the conversion electrons and contribution from more than one 3

branches have to be taken into account in the analysis as in Ref. 13.

V. SUMMARY AND CONCLUSION

For the precise determination of y-ray emission probabilities of short-lived nuclides whose
half-lives are less than a few minutes, a 0-y coincidence measurement system has been
developed which uses a plastic scintillator as a § detector. The system has been applied to a

measurement of absolute vy-ray emission probability of 1779 keV ~ ray in Al, whose v-ray
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emission probability is known to be unity. In analyzing the obtained data, corrections were
done for dead times, accidental coincidence events, Compton tail coincidence events for each
short interval. In addition to these, correction for y-ray events detected in the & detector
wag done. An absolute v-ray emission probability of 1779 keV < ray in Al was obtained
as 0.995 4+ 0.014. The result agrees with the value reported previously within the limits of
errors. The error of the results was as small as 1.4 %. Therefore, the system have an ability
to measure the absolute y-ray emission probabilities of short-lived nuclides. The system
can be used to obtain precise and accurate [, for many kind of short-lived nuclides, whose
I, could not be accurately determined by using a conventional coincidence measurement

system.
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FIGURE CAPTIONS

Fig. 1. A schematic diagram of the 8-y coincidence system.
Fig. 2. Decay scheme of 26Al

Fig. 3. Experimental setup of the I, measurement for 1779 keV - ray in 22Al.

Fig. 4. (a) A v-ray singles spectrum observed in a run. (b) A decay curve of the 1779 keV ~ ray
in Al (squares) in the same run as in (a), after dead-time correction. Errors are smaller than size

of the squares. The solid line represents the result of a fit to the data with a function of the form

(5).

Fig. 5. A singles (solid line) and a 1779 keV v-ray gated B-ray spectra {dots) observed in a run

without the S-ray shield, after subtraction of data obtained in runs with the 8 shield.

Fig. 6. (a) A typical TAC spectrum and the gates applied to the data. (b) The gates imposed on

the vy-ray energy.

Fig. 7. (a) The coincidence counting rate, corrected (open circle) and not corrected (solid circle) for
accidental coincidence events. (b) The ratios of the uncorrected {(n'(Tp,Tp)}) to the corrected (n.)

counting rates. Errors are not shown. Open squares represent the ratios of n'(I'e, Tp) — Rn/(['p, To)

!

to n,.

Fig. 8. (a) The observed §- (ng, solid circles) and y-ray (n7, solid squares) singles counting rate.
(b) The dead-time correction factors for f-ray singles (D;, open circles) and coincidence (D, solid

circles) counting rates, as a function of time.

Fig. 9. The decay curves of the true §-ray singles (ng, open circles} and coincidence (n., solid
circles) counting rates. Lines show the results of the fit with (solid) and without (dashed) a constant

term. For ng, the two lines overlap.
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Fig. 10. (a) The ratios n./ng for each 8 summation lower limit ! averaged over all runs without
the F-ray shield. (b) The obtained values of y-ray emission probability of 1779 keV « ray in 28Al
for each lower limit of 3 summation [ (solid circles). The results, which are obtained by an analysis
without dead-time corrections and corrections for y-ray attenuatioﬁ in the S-ray shield, are also

shown in open circles. Errors of the results without the corrections include statistical ones only.
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2.4 Precise Measurements of y-ray Emission Probabilities of
100
Tc
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Summary

a To determine I, of 'Tc accurately, a f-y
coincidence experiment has performed,

using a HPGe and a plastic scintillator.

a The n (540keV)/n, value was acculately
~ determined to be 0.00168+0.00001.

" a Analysis has been done in which B feedings
to the excited levels and B detection
threshold are taken into account.

Tasks remained

A Accurate determination of p detection
threshold and the final results.

A Application of the method to other nuclides.
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