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Methods of detecting 7y rays, internal-conversion electrons, and a particles from radioactive nuclides by
means of semiconductor detectors are described. Effects distorting the shape of the uncorrected spectrum
are discussed. The techniques of measurement of the energies and relative intensities of monoenergetic
radiations are described. A complete set of standards is given for the energies and relative intensities of 7y

rays and also internal-conversion electrons.

PACS numbers: 29.30.Ep, 29.30.Kv, 29.40.Pe.

INTRODUCTION

The energy distribution of the radiations emitted by
radioactive nuclides is called the true energy spectrum.
The distribution of signals from detectors in pulse
height is called the uncorrected or instrumental spec-
trum. The relation between the uncorrected and true
spectra is described by a Fredholm integral equation
of the first kind

N = [0 @®6E, v)dE, (1)

where E is the energy of the detected radiation, &(E) is
the true distribution function of the radiation, and

G(E, V) is the probability that radiation with energy E
incident on the detector produces a signal V (the instru-
mental or response function). The problem of measure-
ment consists in obtaining N(V) by means of a spectro-
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FIG. 1. Spectral line width at half-height as a function of en-
ergy for various spectrometers. The solid angle values are
given below in parentheses. 1—Nal(Tl);2—iron-free toroidal,
Ap/p=0.4% (7%);3—DuMond-type crystal diffraction; 4—mag-
netic steel 212, Ap/p=0.2% (0.015%); 5—Danish-type mag-
netic steel, Ap/p=0.04% (0.01%);6—magnetic & spectrograph
™2, Ap/p=0.04% (0.04%);7—limiting resolution for Ge with
Fano factor F=0.13;8—25 mm?* X 5 mm Ge for measurement of
X rays;9—200 mm? X 5 mm Ge(Li) for measurement of x rays
and vy rays;10—80 mm?X 4 mm Si(Li) for measurement of
x rays (1%);11—1.3cm® Ge(Li) for measurement of x rays and
v rays (1.5%);12—80 mm? X 4 mm Si(Li) for measurement of
conversion electrons;13—80 mm? X 4 mm Si(Li) in uniform
magnetic fields;14—37 em® Ge(Li) (1.5%);15—80 mm?
X 0.5 mm Si(Au) for measurement of a particles.

530 Sov. J. Part. Nucl. 9(6), Nov.-Dec. 1978

0090-4759/78/060530-41$02.80

meter and then, knowing G(E, V), finding the true spec-
trum.

The ideal means of analyzing the uncorrected spec-
trum is to solve Eq. (1) and find &(E). As a rule, this
method is inapplicable both because of the difficulty of
determining G(E, V) experimentally and because of the
incorrectness of the problem posed.! Since in nuclear
spectroscopy it is very common to study discrete spec-
tra, a model approach is used in analysis of experiment
there, i.e., a mathematical model of the investigated
portion of the spectrum is constructed and those model
parameters for which N(V) is most accurately approxi-
mated are determined. An important condition of the
correctness of this approach is the necessity of satisfy-
ing all of the assumptions of a given model (for example,
instrumental line shape, shape of the continuous distri-
bution, absence of effects distorting the shape of the in-
strumental spectrum, and so forth). We note that in the
practical case of a physical experiment these conditions
are often forgotten.

The quality of a spectrometer in measurement of the
radiations of radioactive nuclides is characterized by
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FIG. 2. Absolute efficiencies for various spectrometers as a
funetion of the energy of the detected radiation (the designa-
tions are the same as in Fig. 1).
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the following parameters:

a) the energy resolution AE, i.e., the width of the
total-absorption peak at half-height (AE is usually ex-
pressed in eV, and sometimes the ratio AE/E is given
in percent);

b) the absolute efficiency €, i.e., the ratio of the mum-
ber of pulses recorded in the total-absorption peak to
the total number of particles or quanta of the monoen-
ergetic radiation emitted by the source;

c) the selectivity of the spectrometer, i.e., the ratio
of the probabilities of recording the radiation under
study and the accompanying radiation.

The widths of spectral lines at half-height and the ab-
solute efficiencies are given in Figs. 1 and 2 for the
types of spectrometers widely used. As the result of
the single-channel nature or of the use of the low-effi-
ciency emulsion technique, a realistic comparison of
the absolute efficiencies of magnetic B spectrometers
cannot be made, and therefore in Fig. 2 we have indi-
cated the aperture of the spectrometer. As can be seen,
spectrometers with semiconductor detectors have com-
paratively high energy resolution and high absolute effi-
ciency, which makes them the most important devices
of nuclear-spectroscopy research.

Below we discuss the questions of precision spectro-
metry of monoenergetic radiations of radioactive nu-
clides by means of semiconductor detectors. The term
“precision” is used in the sense that the errors obtained
here are comparable with the errors of the standards
against which comparative measurements are made (ab-
solute measurements with semiconductor detectors are
impossible). The use of this technique involves the
necessary and complete analysis of effects which distort
the shape of the uncorrected spectrum and use of a com-
plete and consistent set of standards. As has been
made clear, no such sets of standards are available,
and therefore we shall discuss also the problems of
constructing such sets.

1. SPECTROMETRIC APPARATUS

Work has been going on at the Laboratory of Nuclear
Problems at our Institute for more than ten years on the
development and production of semiconductor spectro-
meters. During this time detectors based on Si and Ge
have essentially reached the limit of possible energy
resolution. The corresponding analog electronics has
undergone very rapid development. The extensive use
of semhiconductor detectors in the performance of
physics experiments and in a number of applied studies
has enabled several companies (ORTEC, Princeton
Gamma Technology, SAIP, etc.) to perfect the manu-
facture of complete x-ray and y -ray spectrometer units
and also charged-particle detectors working at room
temperature. The only instruments not mamifactured
industrially are high-quality 8 spectrometers permitting
measurement of nuclear radiation with rapid replace-
ment of the source without destroying the vacuum in the
detector chamber.
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FIG. 3. Structural scheme of spectrometers with semiconduc-
tor detectors for study of radiations of radioactive nuclides:
PA—preamplifier, HV—high voltage, PG—standard pulse gen-
erator, LA—linear amplifier, CRM—counting-rate meter,
DCR—dec restorer; ADC—analog to digital converter; M—
memory.

Structural arrangement of a semiconductor spectrometer?

A diagram of a spectrometer for investigation of the
energy distribution of radiations of radioactive nuclides
is shown in Fig. 3. Signals from a semiconductor detec-
tor are fed to the input of a charge-sensitive preampli-
fier (PA) and then to a spectrometric linear amplifier
(LA). From the linear amplifier the signals go to a DC
restorer and then to an amplitude-to-digital converter
(ADC). Then the digital information is stored and pro-
cessed by computer.

Taking into account all sources of noise, for a charge-
sensitive preamp and a linear amplifier with single
CR-RC shaping we can write?:

(AE [eV])? = (2.354 |V eEF)* + (4.52e/q)?

0.6kT
G { w5 (Cq+Cin+Co)*+0.45kTCY,

+ k75 [ (e i) + o Lt B ]+ AL+ Al @)

where F is the Fano factor, g=1.6x10"'°°K, 7 is the
shaping constant in the linear amplifier in sec, ¢ is the
electron-hole pair formation energy in the semiconduc-
tor detector in eV, S is the field effect transistor (FET)
slope a/b, C, and C, are the semiconductor capacitance
and the feedback capacitance in farads, C,, is the
source-gate capacitance of the FET in F, C,, in the in-
put capacitance of the FET excluding C, and C, in F; &
=1.38x10"* J/°K is the Boltzmann constant, T is the
absolute temperature in °K, I, is the inverse current

of the semiconductor detector in amperes, I, is the gate
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FIG. 4. Limiting energy resolution of various semiconduc-
tor detectors as a function of the energy of the detected radia-
tion, The Fano factor is assumed arbitrarily to be F=0.13.
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FIG. 5. Design of various
semiconductor detectors
used in nuclear spectros-
copy experiments: a—
plane parallel Ge(Li), 5
<sd <18, 5<D <40; b—
plane parallel Ge(Li), 5
<d <10, 8<a <14, 8<bh
<14; c—coaxial with one
open end, Ge(Li), 12<d
<18, 38<D = 48, 20

< H < 40; d—coaxial with
two open ends. Ge(Li), 12
<d <18, 38 <d <48, 20
<H < 40; e—coaxial with
well, Ge(Li), 12 sd <18,
38 =D =50, 30=H =40;
f—surface-barrier Si(Li),
Ge(Li, Au), implanted |

PplAa, Mi"‘ﬂ" Ge(Li), 2=d(Si) =5, 5
5 =d(Ge)<10, 5=D <15;
‘@ @ YN g—surface-barrier Si(Au),
57 b _| 0.05=W =4, 6 =D <40,
. A: e

L

current of the FET in amperes; A  is the resolution due
to microphonic noise in eV, and A, is the resolution
due to the noise of all subsequent electronic circuits.
Here we have not taken into account the contribution of
the effect of charge-carrier capture.

From Eq. (2) we obtain all of the requirements which
are imposed on the elements of the spectrometer: the
necessity of cooling the semiconductor detector (I, is
decreased), the nece&sity of increasing (or even remov-
ing for certain types of preamplifier; see Fig. 3) the
values of R, and R, the necessity of decreasing C,
(either at the expense of the area or the depth of the
sensitive layer), and the need to use an FET with a
large slope S.

The minimum value of noise is obtained for 7, =T,
=Ty, Where 7 is the integration constant of the linear
amplifier and 74 is the differentiation constant of the
linear amplifier. Then

0.6 (Ca+Cip +CoP+0.45C, |2
STy 5Re 0, T Iy Sart ] - ®3)

Toptlsec] =

I 7>7,, the parallel noise is dominant (I,, I,, R, Ry),
and if T <7, series noise is dominant (C,, Ciny Cp Cyp» S)-
Reduction of the parallel noise increases 7,, and im-
proves the resolution. Here it must be recalled that
frequently 7o, isnotidentical with the calculated value of
7 of the input signal of the ADC and in that case for matching
itis necessary touse a stretching circuit. Atthe sametime
the characteristics of the spectrometers at high counting
ratesdeteriorate as the result of pileup. The variation of
the signal-to-noise ratio as the result of shortintegration
and differentiation times can be found in comparative
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FIG. 6. Characteristic packaging arrangements of semicon-
ductor detectors (the number shows the temperature in °K;
FET is a field effect transistor).

tables, for example, in Ref. 3.

We note the inconsistency of the requirements on the
values of R, and on the circuit connecting the semicon-
ductor detector with the preamplifier, depending on the
signal-to-noise ratio and the high-counting-rate char-
acteristics. In fact, for resistance coupling of the
semiconductor detector and preamplifier the instantane-
ous value of the voltage drop across R_is®:

&) Ve, @)

where Q=¢gE/€,7,=R.C, andn is the particle counting
rate in sec™!. Obviously the permissible counting rate
of the spectrometer can be inereased if the semiconduc-
tor detector is coupled by means of a capacitance divid-
er (the first term is zero).

Ue. max. = (Qn+ 1) Re+3 (

Semiconductor detectors?

The limiting energy resolution of various types of
semiconductor detectors is shown in Fig. 4 as a function
of the energy of the radiation detected. Although at the
present time there have been some advances in the
technology of preparing detectors of GaAs and CdTe,
the requirements of experiments in nuclear spectro-
scopy are still satisfied only by detectors of Si and Ge.

Ge(Li) detectors. The principal purpose of these de-
tectors is y -ray spectrometry. The energy resolution
is at the limit allowed by statistical fluctuations in the
production of charge carriers in the semiconductor de-
tector and the intrinsic noise of the electronic circuits.
Ge(Li) detectors are prepared in various configura-
tions.? Investigations have shown that from the point of
view of the spectral line shape and the carrier collec-
tion time the uniformity of the electric field is very
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TABLE I. Characteristics of detectors used.

i Working |Geometry Segsitive . ?i“ Energy resolution, keV L -
No.| p s Ip (see Fig. Parameters fh:':hir -| voltage, egit;n‘u} Manufacturer
tureK | 5) ne Ey ~ E, ~ E,~ E,~ E, ~ use, ke
mm ~ 5 MeV|~ 100keV] w5 keV |~ m"&kcv ~ 1.3 MeV
1| si (Aw) a. 300 g |100mm®x0,5 o 0.5 | 250 15 = — - - 1000—10000] LNP, JINR
2| 8i(Au) B 300 g 80mm?® X 2 mm 2 1000 — 9 — — — 200—1000 | LNP, JINR
3 si (L) B 7 t |sommtx4mm| 4 [ s00 | — | 0.8% | 0.300 | 0.600 - 303000 | 1 np, yINR
4] Ge(Li, Aw)| B 7 t |Sommtximm| 4 |20 [ — | 13 | o400 | oo | res | 10-E0001 e
]
5| si(Li) z 77 f | sommix4mm| 4 1500 = - 0.290 | 0.550 i 5—160 | LNP,JINR
8| Ge v 77 ® |25mm*X5mm| 5 1200 = = 0.150 | 0.500 = 14—279 PGT
7| Ge (Li) v 7 b 1.3 em? 8 1500 = s i 0.600 1.65 14—600 | LNP, JINR
8| Ge (Li) v 77 0 [200mmtx5mm| 5 1000 = e 0.240 | 0.550 1.65 14—600 | ORTEC
9| Ge v 77 @® [300mmEixTmm| 7 1500 - b 0.250 | 0.550 = 14—600 PGT
10| Ge (Li) v 7 a 11 em® 12 2500 = & 5, L 2:'210‘.1 o 59—2750 | LNP, JINR
11| Ge (Li) ¥ 77 a 37 cm3 15 3000 £ 3 o 1.5 'wczi so | 722750 | LNE,JINR
12| Ge (Li) ¥ 77 ¢ 38 cm? 16 3000 - e — 0.9 P,'éizmi 59—4000 | LNP,JINR .
13| Ge (Li) ¥ ] 2 50 cm® 18 3000 = = e 1.4 mzi g51 | 120—4000 | ORTEC
14| Ge(Li) ¥ 77 e 18 cm® 8 900 2 = o 3 S 50—1500 { LNP,JINR

*P/C is the peak-to-Compton ratio for a given detector.

important. Detectors are usually made in five different
shapes which are used to solve the following problems
(Fig. 5): a) detection of low-energy v=-ray energies with
a large solid angle, b) precision measurements of v
ray energies with exélusion of the field effect,® ¢) mea-
surement of y -ray spectra with high efficiency but with
poorer time characteristics and in the presence of a
field effect in the semiconductor detector, d) measure-
ment of y-ray spectra with high time resolution and in
the absence of a field effect but with a lower efficiency,
and e) measurement of the y-ray spectra of weak activi-
ties.

Si(Li) detectors. The principal purpose of these de-
tectors is spectrometry of 8 rays and y rays. We can
assume that the energy resolution of these detectors
is close to the best possible value. Actually the best
energy resolution in measurement of internal-conver-
sion electron spectra is 880 eV for E,~100 keV.® Tak-
ing into account the features of detection of B particles
with energies <100 keV (the importance of the entrance
window, the conditions of charge-carrier collection, the
quality of the sources, etc.), we cannot expect a sub-
stantial improvement in energy resolution. Difficulties
exist also in spectrometry of low-energy y rays (<50
keV) with high energy resolution, where preamplifiers
with large values of R, or with electron-optical (and
sometimes also output-current) feedback are used. In
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the study of the radioactive decay of nuclides there are
a number of accompanying radiations (3 particles, in-
ternal-conversion electrons, a particles, y rays) whose
detection is accomplished with high efficiency in spec-
trometers with thin entrance windows. Difficulties with
removal of charge [see Eq. (4)] from the gate of an FET
lead to major restrictions on the high-counting-rate
characteristics and also to deterioration of the stability
of the spectrometer (see Fig. 23 of Ref. 5). Therefore
a rational step to improve the quality of a spectrometer
is the perfection of preamplifiers with resistive feed-
back.

The parameters and design of surface-barrier Si(Li)
detectors are shown in Fig. 5f.

Surface-barrier Si(Au) deteclors. The principal pur-
pose of these detectors is the spectrometry of o parti-
cles, low-energy g particles, and x rays. Independent-
ly of the high energy resolution and comparatively large
sensitive-layer thickness which can be achieved in
Si(Au) detectors, their use in precision 8 and x-ray
spectrometry is limited as the result of the difficulty of
maintaining a constant thickness of the sensitive layer,
since it depends on the bias voltage and the inverse cur-
rents in the semiconductor detector. The latter, in
turn, depend greatly on the degree of vacuum achieved
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in the system.

Si(Au) detectors are made of n-type silicon with a re-
sistivity 0.5-100 kilohm-cm. The parameters and de-
sign are shown in Fig. 5g. We recall” that

W 22 0.35 )/ pU, (5)

where p is the resistivity of n-type silicon in ohm-cm;
U is the bias voltage in volts and W is the sensitive-
layer thickness.

In some problems use is also made of surface-barrier
detectors of p-type silicon, Si(Al). They have such ad-
vantages over Si(Au) detectors as better time charac-
teristics for the case when the particle range is signifi-
cantly less than W, radiation stability, and less diffi-
culty in preparation of high-resistivity material. How-
ever, for the reasons mentioned above they have not
found application in precision 8 and x-ray spectroscopy.

Surface-barrier Ge(Li, Au) detectors.” The principal
purpose of these detectors is spectrometry of internal-
conversion electrons and low-energy v rays, the great-
est interest being in simultaneous measurement of these
radiations to determine the internal-conversion coeffi-
cient. Ge(Li, Au) detectors are prepared from p-type
germanium. The parameters and design are shown in
Fig. 5f.

We note that at an earlier stage in these same prob-
lems implanted Ge(Li) detectors were developed which
had the possibility of o -particle spectrometry (see Fig.
15).® Unfortunately, the high rate of diffusion of lithium
in Ge and the necessity of preserving the current-car-
rier lifetime make it impossible to anneal at optimal
temperatures the radiation defects produced in implan-
tation of gallium. This greatly hinders the further im-
provement of the parameters of such detectors.

Detectors of ultrapure germanium (Ge). The principal
purpose is spectrometry of x rays andy rays. The ad-
vantage over Ge(Li) detectors is that they can be stored
at room temperature and cooling is necessary only dur-
ing use. In our experiments we use semiconductor de-
tectors from the firm Princeton Gamma Technology.

We note that the technology developed by us for prepara-
tion of Ge(Li, Au) detectors is applicable also to initial
material of ultrapure germanium,

Packaging of detectors

The packaging of detectors® must assure optimal op-
eration of semiconductor detectors under working condi-
tions [see Eq. (2)]. Depending on the type of detector
and the radiation being detected, the packaging must be
planned to minimize distortion of the uncorrected spec-
trum. The designs used are shown in Fig. 6. Special
attention has been devoted to choice of the optimal tem-
perature conditions of the crystal and of the cooled FET.
For example, to obtain high energy resolution, small-
volume semiconductor detectors are connected resis-
tively to the FET and this has required testing of vari-
ous insulators with good thermal conduectivity to provide
optimal crystal temperature; to improve the conditions
of cooling of coaxial detectors and to reduce the tem-
perature gradients, lids of thin aluminum are used; to
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FIG. 7. Construction of spectrometers for study of the spec-
tra of radiations from radioactive nuclides.

obtain high energy resolution the choice of the optimal
temperature regime of the FET is of considerable im-
portance; to reduce the contribution to the uncorrected
spectrum from excitation of fluorescence in the mater-
ials surrounding the semiconductor detector, the
mounting must be made of a material with the lowest
possible Z.

The characteristics of the spectrometers used in our
experiments are shown in Table I. For the commercial
detectors we have indicated the manufacturer and a
number of the known parameters. We note that the
characteristics of charged-particle detectors are in a
certain sense averaged, since they deteriorate during
operation and the detectors are replaced.

Design of spectrometers

The design of the spectrometers was developed® with
allowance for the characteristics of detection of o, 8,
v, and x rays (Fig. 7). The vacuum in the chambers of
the charged-particle spectrometers is produced by a
system employing ion pumps of the type NORD-100. The
possibility is provided of replacement of the source
without destroying the vacuum in the system. All vac-
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FIG. 8. Spectrum of radiations from 2*"Bi measured by an
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FIG. 9. Spectrum of radiations from 2"Bi measured by 200 mm?
%X 5 mm Ge(Li) detector. Also shown is the uncorrected ?"Bi
spectrum with use of an absorber of 1000 um of Al. T{=5
years is the time elapsed since the source was obtained, T,

=1 hour is the duration of a measurement, P=3 cm is the
source—detector distance, B is background, SE is the single-
escape peak, and DE is the double-escape peak.

uum seals used are greaseless.

Spectrometers for g rays, x rays, andy mys; The
mandrels with Si(Li) and Ge(Li) detectors are mounted
in a cryostat with a cold finger and a sorbent, which is
emersed in a standard Dewar vessel with liquid nitrogen
(see Fig. Ta). Depending on the radiation being detected,
various materials are used for the entrance windows:
Mylar (0.90 mg/ecm?), beryllium (100-200 pm), Dural
(~400 ym), and stainless steel (~200 ;pm). The char-
acteristic uncorrected spectra are shown in Figs. 8-11.

Spectrometers for internal-conversion electrons. In
comparison with the designs which have been described,
only one change is made here: the source is replaced
by means of an airlock system without destroying the
vacuum (see Fig. Tb). The change requires about three
minutes. The source holder permits variation of the
distance from the source to the detector in the range
0.5-20 cm. Characteristic uncorrected spectra are
shown in Figs. 12 and 13.

Spectrometers for a particles. Alpha spectrometers
use a definite design: for simultaneous measurement of
X rays, a’s, y¥’s, and 8’s, an airlock chamber is used
(see Fig. Tb), and for measurement of a-particle spec-
tra without cooling the semiconductor detector use is
made of a chamber which is covered during the replace-

410% | <)
410% f.'zrz.a'lkev
{ 172,50 keV
20— F‘]I
210* i
2 . 300 1800 2700 | = 3500
0 7 500 1800 2700 )

Channel number

FIG, 10, Spectrum of ¥ rays from “'Co meansured by Ge(Li)
detectors of volume 1 and 37 em® (P is the peak height and K
is the height of the Compton edge).
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FIG. 11. Characteristic K x rays of several nuclides, mea-
sured by a 25 mm? X 5 mm Ge detector at constant gain.

ment of the source [a screw permits the source-detector
distance to be varied in the range 0.5-5 cm without
breaking the vacuum (see Fig. 7c)]; to measure a-par-
ticle spectra without cooling the detector for purposes
of precision energy measurements a special chamber is
used (the standard source and the source being investi-
gated are mounted on a rotating device with collimators
before beginning the experiment). Characteristic un-
corrected spectra are shown in Figs. 14 and 15.

Semiconductor beta spectrometer with a uniform mag-
netic field.” Here use is made of the motion of the elec-
trons or positrons along a helical path in a uniform
magnetic field (see Fig. Tb).? The energy range of the
electrons collected by the detector is determined by the
geometrical dimensions of the chamber and the magnet- -
ic field strength H. Use of an absorbing block in the
chamber and variation of H allows discrimination against
low-energy electrons and allows the weaker high-energy
transitions to be studied without overloading the detec-
tor. The detector is placed under the source, the
shielding from direct radiation is accomplished by a
layer of W (40 mm), Cd (1 mm), Cu (0.5 mm), and Al
(0.5 mm). An L-shaped cryostat connected to the spec-
trometer vacuum chamber is used to cool the detector.
Change of the source without breaking the vacuum in the
spectrometer chamber is carried out by means of an
airlock system in three minutes. The operation of the
spectrometer is illustrated by the internal-conversion
spectrum of ***Po+2%Bi measured at four values of H:
250, 500, 750, and 1000 G (Fig. 16).

Still other dispersion-free magnetic arrangements
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AB/P=045%% | upd
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FIG. 12. Spectrum of *!Ce measured by an 80 mm? X 4 mm

Si(Li) detector: T,=22 days, T,=6 hours, P=6 cm.
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FIG. 13. Spectrum of *""Bi measured by an 80 mm?X 5 mm
Ge(Li, Au) detector: T;=5 years, Ty=6 hours, P=5 cm.

permitting significant reduction of the background of ac-
companying 8 particles are described in the literature.
They all have disadvantages. For example, the version
of Ref. 9 has comparatively low efficiency; the version
of Ref. 10 assumes use of a superconducting solenoid
and has a high efficiency but unfortunately does not se-
parate electrons from positrons; the version of Ref. 11
is based on the Thibault spectrometer and has compara-
tively high efficiency, but the electron drift time de-
pends greatly on the energy. In addition, the last two
versions'®!* have a common deficiency: the detected g
particles hit the semiconductor detector at a small angle
to the surface, which leads to enhancement of the depen-
dence of backscattering on energy.

Spectrometric apparatus

Proceeding from the requirements of the physical
problem, we used various combinations of detectors,
spectrometer chamnels, and analyzing apparatus (Fig.
17). The electronic circuits were chosen on the basis of
the following requirements: optimum signal-to-noise
ratio, good characteristics at high counting rates (up to
5x10* counts per second), stability with change of tem-
perature, and linearity. In the first stage all of the ana-
log and auxilliary circuits were constructed by us.*
Later we used some electronic circuits and y -ray detec-
tors from several commercial firms, namely ORTEC,
Princeton Gamma Technology, and Polon. In the linear
amplifier we used a discrete system of amplification
switching which provides simplicity of conversion dur-
ing an experiment and satisfies the requirements aris-
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FIG. 15. Spectrum of o particles from 2*Pu, 2!Am, and
#4Cm measured by a 30 mm? X 4 mm implanted Ge (Li) detee-
tor.

ing in measurements of the characteristics of the radia-
tion (system nonlinearity, suitability for half-life mea-
surements, and so forth). Monitoring of the spectro-
meter counting rate is carried on by means of an analog
counting-rate meter (CRM) which is connected to the
appropriate channel at the time of measurement. All of
the analyzing apparatus (the analyzers TRIDAC-C and
DIDAC) was made by Intertechnique. For transmission
of digital information to the Minsk-2 computer we con-
structed a special unidirectional connection by means
of an RG-23 tape recorder.'

We shall discuss briefly the instrumental effects lead-
ing to deterioration of the shape of a spectral line®:

a) The time stability is checked by means of source of
57Co+137Cs5+%Co and a Ge(Li) detector for a period of
thirty hours; the measurement time is twenty minutes
and the intervals between the measurements are ten
mimutes. The results of the experiment are shown in
Fig. 18. The data provide a basis for discussion of the
randomness of the spread after the temperature condi-
tions have been established for five hours, and conse-
quently this factor can be considered as an additional
contribution to the energy resolution for extended ex-
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FIG. 16, Spectrum of conversion electrons from 2%6Po+206B;{
measured by an 80 mm® X 4 mm Si(Li) detector in a uniform
magnetic field for various values of H.

Vylov et al. 536



AGC C4Z, DIDAC weezz| [

ORTEC 45 22l mHz | t=5 psec MPUTER
2
LA  STRETCHER [ADC.Ca4 | .DIDAC MINSK-2 | =

SD-PA o : 1: I - H

‘IPGT 340 -ﬁ-ll =100 mMz |E= 5 usec * H” RG23 OMPUTER] g
LNP--JINR] B
5

e OCA DSTI0z TOC 6500
[ ovree, | {eifon | Bon} foimne]rmonca oweyred ™| £

BesTi0z
PGT | 00 i t=5 usec g
AT it]
1Laz

FIG. 17, Spectrometric apparatus for study of radiations of
radioactive nuclides: f is the counting frequency of the ADC,
t is the memory access time, and M is a magnetic tape.

periments, which has only a small influence on the ac-
curacy of the results.

b) The temperature stability was checked under sim-
ilar conditions; the results are shown in Fig. 19. It is
evident that it is necessary to maintain the temperature
in the room within +1°C during the measurements.

¢) The high-counting-rate characteristics of the spec-
trometers have a substantial influence on the accuracy
of determining the location of the maximum P and the
area S of a spectral line if the measurement time is no
less than T, of the nuclide under study. For illustra-
tion we have shown in Fig. 20 the dependence of P and ¢
on the spectrometer counting rate and the shaping con-
stant. As can be seen, the limits of variation of the
counting rate determine the maximum achievable accur-
acy in the determination of P and consequently also of
the energy of the radiation. It follows from this that
there are two means of reducing the influence of this
effect: decrease of the value of 7 if the complexity of
the spectrum permits use of a poorer energy resolution,
or use of a device which provides constancy of the
counting rate by automatically changing the distance
from the source to the detector.®

d) Nonlinearity of the spectrometric system. Analysis
of the memory stage of the analog-to-digital converter
(ADC) with intermediate linear conversion to a time in-
terval shows!® that the deviation from a linear charac-
teristic of AU/U at large amplitudes of the input pulses
increases as the rise time of the pulses is decreased
(Fig. 21). For small pulse heights the sign of AU /U
changes as the result of the increase in the contribution
of transient processes due to the presence of a nonlin-
ear element in the memory circuit. The sharp increase
of AU/U in the high-voltage region (which is shown only
for a sharper with =2 ysec) is determined by the lim-
itation on the maximum in the amplifier of the charging
circuit of the converter. The departure from linearity
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due to the limitation of the pulse heights in the final
stage of the linear amplifier shows up in a similar man-
ner. The experimentally measured dependence of the
nonlinearity on 7 is shown in Fig. 22 for 7=0.5, 1.0,
1.5, and 2.0 psec. The same effect is observed on ad-
justment of the gain if the transient characteristics of
the shaping amplifier are changed (Fig. 23).

The factors affecting the energy resolution of spec-
trometers employing semiconductor detectors are
shown in Table I1.%°

2. PROCESSING OF INFORMATION ON A SPECTRAL
LINE BY COMPUTER

The accuracy in measurement of the energies and in-
tensities of monoenergetic radiations of radioactive nu-
clides is determined by the characteristics of the semi-
conductor detector, the measurement technique, and to
a considerable extent by the use of computers for pro-
cessing of the information on the spectral lines. There
are several means of modeling peaks.* However, for
reasons of mathematical simplicity, directness of
physical interpretation, and minimal requirements on
memory size and computer speed, the most extensive
use is made of approximation of the peak by a symme-
tric Gaussian.

For approximation of a spectral line we use a Gauss-
ian distribution integrated over a single channel (the
program Katok!® '¢):

k 1
spl = (E=RY K, 6
nj: etp[ ( Vs ) ]dx+§uagr: (6)

where N(k) is the number of pulses in channel %, S is the
number of pulses under the peak, o=h(2V2Z1In 2)7, £ is
the width of the peak at half height, p is the location of
the maximum at the peak, and ¥}}..a, %' is a polynomial
of degree [ describing the background under the peak.
The value of [ is chosen by analysis of ¢ (or ), whose
dependence on energy must be investigated experimen-
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Counting rate, 10° counts/sec
FIG. 20. Displacement of the peak § P(— — —) and width &
( ) of a spectral line as a function of counting rate for a
spectrometer with a Ge(Li) detector (for various values of 7).
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FIG. 21. Dependence of AU/U on U for various T values for
an analog-to-digital converter with linear intermediate trans-
formation to a time interval.

tally (see, for example, Fig. 1). Regions where o dif-
fers are processed again with other initial approxima-
tions.

Preparation of the initial material by the program
Raxmetka'” (marking) consists of specifying the initial
approximations by means of a display with a light pen
and recording them on a magnetic tape. In view of the
smallness of the regions (less than 96 channels) we can
assume that the condition of constancy of ¢ is correct.
Exceptions are the region of characteristic radiation
(x-ray structural lines) and the energy region 511 keV
(the annihilation peak, naturally, is broadened). Pro-
cessing of all the regions mentioned is carried out auto-
matically. As the final results we print out the parame-
ters ¢°, o, Ao, P, AP, S, AS, a;, and Ag;, where

k

02— {:': [N (K)— Naver ()]} (kg —k; —nm —1);

i
here N**" is the approximated number of pulses in a
channel, n is the number of peaks in the region, k, and
k; are the channel numbers at the end and beginning of
the spectrum, andm is the number of parameters. In
addition, the values of P, AP, S, AS, and ¢ are sorted
in the computer memory by means of a special program
for the subsequent analysis. We note that the method
used in the program is applicable to degenerate prob-
lems and permits determination of the number of peaks
in a region.'®

The values of AP and AS/S are investigated as a fune-
tion of S, as well as the ratio of the maximum value of
peak height in the absence of background to the height
of the background under the peak and the dependence of
AP/c and AS/S on ¢ (Figs. 24-26). The measurements
were made with a Ge(Li) detector and a 5"Co source
(with energy 122 keV). The dependence of AS/S and
AP/o on o were studied for S=1.6x10° counts, so that
the statistical spread has little influence on the accur-
acy of the results (see Fig. 25). In investigation of AS/S
and AP as a function of the peak-to-background ratio the
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previcusly measured peak with energy 122 keV (*’Co,
5§=1,6x%10° counts) was raised by the continuous Compton
distribution from the *°Co source (the gain was chosen
such that the peak from 57Co lay on the smooth portion
of the Compton distribution). In Fig. 26 we have shown
also the stability of the analysis (P+AP,S+AS) as a
function of the peak-to-background ratio. The results
enable us to choose correctly the exposure time (see
Fig. 24), the channel size (see Fig. 25), and the detec-
tor (see Fig. 26).

In processing spectra from semiconductor spectro-
meters with high energy resolution there are difficulties
due to the asymmetry of a peak on the low-energy side

TABLE II. Factors affecting energy resolution of semicon-
ductor spectrometers.

Cause

Radioactive source. Fluctuations
of energy loss in source

A. Insufficient source thickness
B. Statistical fluctuations of energy
loss in source thickness

Semiconductor detector
1. Fluctuations of energy loss in
detector entrance window

2, Fluctuations of number of liberated|
carrier pairs in detector

3. Fluctuations of carrier collection’
efficiency

4. Detector noise

A. Variations in entrance-window thickness

B. Statistical fluctuations of energy loss in

_ entrance window

C. Spread in angles of incidence

Transfer of energy to lattice as the result of:

a) interaction with electrons; _ ~

b) scattering by nuclei. Usually a) >> b)

A. Statistics of recombination and attachment

B. Inhc ities (local 1 ions of
carrier lifetime)

C. Edge effects

Usually A <<B

A. Inverse current:

a) volume current—diffusion and generation;

b) surface current
B. Contact noise

Preamplifier
1. Preamplifier noise

2. Stability of gain

Thermal noise of resistors at FET input
Shot noise of gate current

Thermal noise of FET channel

. Microphonic noise *

Noise of elements following FET
Stability of C,

@EmUn® >

Temperature stability of preamp clements

Linear amplifier
1. Linear amplifier characteristics

2. High-counting-rate characteristics

3. Stability of gain

. Reduced noise at linear-amplifier input
. Type of shaper

. Baseline stability

. Negative overshoot

gaw»

ADC
1. Determines parameters of linear-
~ amplifier output pulse
2. Temperature stability
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FIG. 24, Error in deter-
mination of the area AS/
S and position of the max-

imum of the peak AP as
a function of § with use of
the program Katok (o
=3.3 channels; peak/
background =100).

(see, for example, Fig. 12). The causes of asymmetry
of a speciral line are as follows: poor collection of
charge carriers in the semiconductor detector, pres-
ence of a thick exit window in the semiconductor detec-
tor in detection of charged particles, use of thick
sources in spectrometry of charged particles, occur-
rence of escape of characteristic radiation in detection
of low-energy radiations at the boundary of the sensitive
layer, pileup of pulses at the output of the linear ampli-
fier (Fig.27a), poor DC restoration and consequently
pileup of pulses in the linear amplifier (Fig. 2Tb), oscil-
lation of the base line (Fig. 27c), high counting rate in
the spectrometer for a given v (pileup of pulses, Fig.
27d), instability of the spectrometric apparatus with
time, and temperature stability. To evaluate the possi-
bility of use of the program Katok in such problems, we
obtained asymmetric peaks by changing the DC restora-
tion at a constant counting rate. The results of this in-
vestigation are shown in Fig. 28; as the asymmetry pa-
rameter we took the ratio of the left and right half-base-
lines from the peak at 1/10 height, for the channel with
the highest counting rate. As can be seen, the greatest
permissible asymmetry f must be less than 1.5. How-
ever, if f>1.5, the error rises rapidly but the value of
S obtained coincides with the true value within the error.

3. EFFECTS DISTORTING THE SHAPE OF THE
UNCORRECTED SPECTRUM

In measurement of the spectra of radiations from ra-
dioactive nuclides by means of semiconductor detectors
it is possible to separate three groups of effects (the
radioactive source, the semiconductor detector, and
their relative arrangement) which distort the shape of
the uncorrected spectrum. The necessity of a more de-
tailed discussion of these effects is evident, for exam-
ple, from analysis of the spectrum of y rays from *°Ce

measured by means of a 200 mm?x5 mm Ge(Li) detec-
tor (Fig. 29). The source was deposited on a copper

<
T

FIG. 25. Dependence of
AS/S and AP/g on ¢ with
use of the program Katok
(S=1.6 % 10° counts).
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FIG. 26. Error and stability of determination of the area and
position of the maximum of a peak as a function of peak to
background ratio with use of the program Katok: 1—5,;
=1.2%10°counts, ¢;=2.96 channels; 2—S,=1.1 X 10* counts,

03=3.05 channels.

substrate of thickness 500 ym. In the decay of *°Ce
there is only one y transition. However, in the spec-
trum presented more than 20 different peaks are ob-

served.

1. Gamma spectroscopy

The effects associated with the radioactive source

are as follows.

1.1, Scattering from the source backing. The differ-
ential cross section per unit solid angle for photons
scattered at an angle ¢ is shown in Fig. 30. It is evi-
dent that as the result of backscattering the choice of
the material, atomic number, and thickness of the back-
ing can substantially affect the behavior of the continu-
ous distribution in the vicinity of a spectral line (Fig.
31) and this can lead to ambiguity in selection of the
background parameters for data processing by comput-

er.

1.2. Accompanying radiations. In the study of y-ray
spectra in detectors with a thin entrance window, diffi-
culties arise as the result of incidence of 8 particles
onto the sensitive region of the detector (see Fig. 9).

In addition to deterioration of the background conditions,
the effect leads to difficulties in the use of spectrome-
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the left and right half-bases of the peak at 1/10 height) with use
of the program Katok (S=10° counts). For convenience in in-
terpretation some of the uncorrected peaks are shown on both
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ters with high resolution (<300 eV) as the result of ac-
cumulation of charge from higher-energy g particles on
the gate of the FET.

1.3. Scattering in the source. This effect leads to
distribution of the shape of the continuous distribution in
the vicinity of a spectral line and to distortion of the in-
tensity of the y lines as the result of absorption. In par-
ticular, special caution must be observed in investiga-
tion of y -ray spectra from sources with a carrier.

1.4. Excitation of chavacteristic x vays in the backing
(see Fig. 29) and in the source itself (Fig. 32). It can be
seen that in measurement of the y-ray spectra of sources
with a carrier the intensity of the x-ray lines can be
distorted substantially as the result of fluorescence in
the material of the source itself when a spectrometer
with insufficient energy resolution is used.

The effects associated with the characteristics of the
semiconductor detectors are as follows.

1.5. Dependence of the cvoss sections for the photo-
effect, Compion scaltering, and paiv production on the
Z of the detector and the energy of the detected quanta.
These dependences are shown in Fig. 33. With increase
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of E the role of the photoeffect decreases but the total-
ahsorption peak retains an appreciable value as the re-
sult of the multiple Compton scattering in the sensitive
region of the detector. The choice of the geometrical
dimensions of the crystal governs the energy resolution
and the efficiency of the detector. As characteristics of
a spectrometer for high-energy y rays it is customary
to give the ratio of the peak height p to the height of the
Compton edge C for the 1332-keV transition of %°Co; this
ratio is a complex characteristic of the energy resolu-
tion and efficiency (see Fig. 10). However, the quality
of a spectrometer for low-energy y rays is character-
ized by its energy resolution and its sensitive area.

1.6. Escape of annihilation radiation in pair produc-
tion in the detector material (E>1022 keV). The effect
of pair production competes with multiple Compton scat-
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FIG. 32, Spectrum of low-energy v rays from '**Ba (source
with earrier) measured by a 200 mm® X5 mm Ge(Li) detector.
The KX (Ba) peaks are due to fluorescence in the source; T,
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tering; on observation of a number of precautions which
take into account the kinematics of pair production and
the pair-detection process, this effect can be used suc-
cessfully to measure energies and intensities of y rays,
Let us consider the shape of the double-escape (DE)
spectral line: the background pedestal of the right-hand
portion of the peak is raised as the result of Compton
scattering of annihilation y rays before their escape
from the detector (Fig. 34). In addition, the intensities
of the single-escape (SE) and double-escape peaks de-
pend strongly on the configuration and sensitive volume
of the Ge(Li) detector.

1.7. Escape of characteristic x vays from the detec-
tor sensitive volume. This effect is important in the
low-energy region where the photoeffect occurs at the
boundary of the sensitive region and the probability of
escape of the characteristic radiation is high (see Figs.
29 and 32).

1.8. Scattering in the entrance window of the detector,
This effect is similar to that discussed in Sec. 1.3
above.

1.9. Efficiency of charge collection in the detector
sensitive volume. If we assume that the conditions for
high-quality measurements are satisfied (DC restora-
tion, absence of scattering materials in the path from
the source to the detector, and low counting rate), the
broadening of a spectral line is determined mainly by
the efficiency of charge collection. Then on the assump-
tion of a Gaussian shape of the peak we should have the
relations

a,= AE (1/100)/AE (1/10) = 1.41; _
az= AE (1/10)/AE (1/2) = 1.83,

.t 1
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FIG. 34. Gamma-ray spectrum of *Na measured by a 38 cm?
Ge(Li) detector: T,=5 hours, T,=5 hours, P=10 cm,

where AE is the width of the peak at the height indicated
in parentheses. For example, for Ge(Li) detectors of
volume 1 and 37 em® these values are respectively a,
=2,15+0.10, ,=1.86+0.06 and @,=2.15+0.06, a,=1.85
£0.05. It is evident that the coefficients a, agree with
the theoretical values for a symmetric peak. A certain
asymmetry of the peak on the low-energy side can re-
sult from escape of photoelectrons (or Compton elec-
trons in the case of multiple scattering) from the detec-
tor sensitive volume. Of course, the contribution of
this factor depends on the geometrical dimensions of the
crystal and on the energy of the detected radiation.

The external effects are as follows.

1.10. Scattering in the entrance window of the vacuum
chamber (Al, Be, Mylar) and in the absorbers. This ef-
fect determines the lower-energy threshold of the spec-
trometer (Fig. 35). Here the depression of the total-ab-
sorption peaks does not always remove the effects of ad-
dition (see below) and does not always decrease in pro-
portion the spectrometer counting rate, since Compton
scattering occurs in the absorbers with subsequent de-
tection, We note that the solid angle for detection of the
scattered radiation depends on the absorber-detector
distance.

1.11. Excitation of charactevistic x rays in the ma-
terials surrounding the detecior and source. This dis-
cussion is similar to that in Sec. 1.4. Distortions arise
most frequently as the result of fluorescence of brass
(Cu+Zn) and indium used in making the detector mount.?

1.12. Detection of annihilation v rays arising in inter-
action of high-energy quanta with the materials sur-

1.0
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FIG. 35. Transmission coefficient of monoenergetic y rays as
a function of thickness and composition of absorbers.
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FIG. 36. Gamma-ray spectrum of the natural radioactive back-
ground, measured by a Ge(Li) detector (37 em®) without a
shield (a) and with a lead shield (b) and with a 1 em?® Ge(Li) de-
tector without a lead shield (c).

rounding the detector. The effects from the detector
shielding box are shown in Fig. 36 (see Sec. 1.16).

1.13. Scatiering of y vays in the materials surround-
ing the detector. The design and material of the detec-
tor mounting lead to distortion of the uncorrected spec-
trum at the result of Compton scattering, for which the
detection solid angle is large. This must be taken into
account in the design of the spectrometer.>*

1.14, External bremsstrahlung. This effect is impor-
tant only in the study of low-intensity transitions in in-
tense 8 radiation.

1.15. Dependence of the position of the peak of a spec-
tral line on the measurement geometry. This effect has
been investigated in Ref. 18 for various types of semi-
conductor detectors. For example, for planar detectors
the effect is maximal if the direction of motion of the y
rays coincides with the direction of the applied field and
is vanishingly small if the directions are mutually per-
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FIG. 37. Distortion of uncorrected spectrum as the result of
addition of pulses due to true coincidences (37 em?® Ge(Li) de-

tector, counting rate 10° counts per second, source-detector
distance 7 cm; ¢ is the total absorption peak).
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FIG. 38, Distortion of uncorrected spectrum as the result of
addition of pulses due to accidental coincidences (37 cm?® Ge(Li)
detector, counting rate 2 x10! counts per second),

pendicuiar. We chose the conditions for measurement
of y-ray energies in planar detectors with allowance for
this fact (see Fig. 6b).

In coaxial detectors the effect is important for crystals
with one open end face and is negligible for crystals with
two open ends. The effect of the field has been studied
by us for a 37-cm® Ge(Li) detector with two open ends
for E=1173 keV (®°Co). If there is a geometry effect in
measurement of the y-ray energies, its value for the
case investigated, which is 0.003+0.008 keV for location
of the source to one side of the detector and 0.004+0.008
keV for variation of the distance along a frontal line
from 6 to 39 cm, can be neglected.

1.16. The natural radioactive background can signifi-
cantly affect the distortion of the intensities of weak y
lines during extended measurements. The principal
sources of the background are *°K and the decay products
of 2°Ra and ®?Th. The uncorrected spectra for various
measurement conditions are shown in Fig. 36, As can
be seen, use of shielding of natural lead substantially
depresses the radioactive background. Here there arise
distortions due to excitation of the characteristic x rays
of Pb (see Sec. 1.11) and Compton scattering and pair
production in Pb (the 511-keV peak increases; see Sec.
1.12). In some situations in the study of low-intensity y
transitions the use of Ge(Li) detectors with a small sen-
sitive volume turns out to be successful, since the back-
ground is proportional to the detector volume (Fig. 36c).

1.17. Distortion of v -ray intensities in study of chains
of a-active nuclides as the vesult of recoil nuclei. This
effect is produced by the escape of the recoil nuclei
from the source and their incidence on the lid of the
spectrometer. As a result, the solid angle for detec-
tion of the daughter products turns out to be greater
than the solid angle for the parent isotope. The effect
is removed by screening the source by a Mylar film of
thickness about 1 mg/cm?,

1.18, Addition of pulses.”” The uncorrected spectrum
can be distorted appreciably as the result of true coin-
cidences (detection of cascade y rays if the lifetime of
the intermediate state is much less than the spectrome-
ter resolution time 7) and accidental coincidences (de-
tection of uncorrelated processes within the limits of 7).

The number of coincidences of two y rays with a cas-
cade intensity A on the assumption that they are iso-
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tropically distributed can be written as follows:
I A o0, 00,

YT e T e dm dm )
where o, is the total conversion coefficient of the i -th
transition, 2 is the detection solid angle, &, is the de-
tection efficiency of the i-th v ray as the result of
Compton scattering. Itis easy to estimate from this
the contribution of all effects: the term (K,/&,)(K,/®,)
corresponds to coincidence of the Compton distributions
of E; and E, and is of no interest; the term K,/®, cor-
responds to coincidence of a Compton-scattered y ray
with another completely absorbed y ray; the term unity
corresponds to coincidence of completely absorbed cas-
cade y rays. For example, for a Ge(Li) detector
(37 em®, %°Co source, source-detector distance 7 cm;
Fig. 37) the loss in I, (1332 keV) as the result of switch-
ing into the sum peak is 0.04%. At the same time the
loss due to coincidences of K(1173 keV) and & (1332 keV)
is 0.66%. It is assumed that there are no accidental
coincidences (counting rate <10° counts/sec).

For monoenergetic v rays with energy E, the following
additions are possible as the result of accidental coin-
cidences: K,+K,, K,+&,, and &,+ &,. In the case of de-
tection of y rays with energy E,, in addition to analog-
ous events it is also possible to have K, +K,, K;+®,, K,
+®,, and &,+&, (Fig. 38). Of these effects the impor-
tant ones are &;+K,; and ®,+&,, since they lead to trans-
fer of the pulses out of the total-absorption peak. For
coincidences of the type K;+&; and K;+K, we can write
Nu =27,N;N;; for &,;+&; we will have N, =21,N;N,. Here
7, is the time shift between the added pulses if analysis
of the distorted sum pulse still occurs in the ADC; T,
is the time within which the sum of two pulses from the
total-absorption peak gives a peak with the instrumental
width. For a 37-cm?® Ge(Li) detector with a counting
rate 2x10* counts/sec an experimental estimate gives
7,=3 and 7 ,=0.8 ysec. Hence the loss is intensity of
the 661.6-keV line as the result of transfer into the dis-
tribution of accidental coincidences is 3.4%, while 0.05%
is transferred to the accidental-coincidence peak.

2. Beta spectrometry

The effects associated with the radioactive source are
as follows.

2.1. Scaltering from the souvce backing. The scatter-
ing of g particles in the energy region from 10 keV to
10 MeV is determined mainly by elastic collisions with
nuclei.?* Distributions are made between single scat-
tering, plural scattering, multiple scattering, and dif-
fusion. All types of scattering can oceur in the source
backing, and this leads to an increase of the number of
low-energy B particles. Inclusion of the backing effect
is essential in investigation of continuous g spectra, but
this involves great experimental difficulties.??> However,
in the study of internal-conversion electron spectra it is
sufficient to observe the most general requirements:
the lowest possible values of thickness and Z of the
backing and use of electrically conducting materials. In
particular, the sources used by us are prepared on a
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backing of aluminum 18 ym thick.

2.2. Scattering in the source materigl. In passage
through a layer of matter, g particles lose energy as
the result of collisions with electrons of the medium
and emission of bremsstrahlung.?* This effect leads to
an increase of the number of low-energy particles and
also to asymmetry of the peak and a shift toward lower
energies. To reduce the contribution of these effects,
sources are prepared by electromagnetic mass separa-
tion (the energy of implantation of the ions is 25 keV).

2.3. Accompanying radiation. A particularly compli-
cated region for study of internal-conversion electron
spectra is the region below 100 keV, where the charac-
teristic radiation is intense and the internal-conversion
coefficients are high. Difficulties also exist in the study
of internal-conversion electron spectra in the back-
ground of intense positron and a-particle radiation, and
in the study of weak positron spectra in a background of
internal-conversion electrons, y rays, and o particles.
To remove the accompanying radiations we use a dis-
persionless magnetic apparatus (see Fig. Te). It must
be recalled that none of the methods of removing the ac-
companying radiations in the study of electron spectra
permit complete removal of the spectrum distortion due
to Compton electrons from y rays.

2.4. Excitation of characteristic radiation in the back-
ing and in the source itself, The discussion here is
similar to that in Sec. 1.4.

The effects associated with the characteristics of the
semiconductor detectors are as follows.

2.5. Dependence of vange on the Z of the detector
material and the energy of the B particles recorded (see
Fig. 33). In investigation of the spectra of low-energy
B particles (E;<1 MeV) use is made of Si(Au) and Si(Li)
detectors, which have a high efficiency for the radiation
studied and a comparatively low sensitivity for the ac-
companying radiation. On the other hand, spectrometry
of high-energy g particles (above 500 keV) is best car-
ried out with thick Si(Li) and Ge(Li) detectors.

2.6. Scattering in the detector entrance window. The
discussion here is similar to that in Sec. 1.3.

2.7. Backscattering from the detector surface. Ex-
perimental studies have shown that for normal incidence
the backscattering coefficient does not depend on the in-
itial energy of the electrons being scattered but depends
on the Z of the scattering material; here® p-/p*=1.3 (the
minus sign refers to an electron and the plus sign to a
positron). This effect, however, depends strongly on
the angle of incidence.®

2.8. Bremsstrahlung of B particles and the escape of
the bremsstrahlung from the detector sensitive region.
This effect has not yet been studied experimentally, but
it is assumed that its contribution increases substantial-
ly for E;>1 MeV.

2.9. Escape of characteristic x rays from the detec-
tor semnsitive volume. In detection of B particles the ab-
sorption proecess occurs at the boundary of the sensitive
region and the probability of escape of the characteris-
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FIG. 39. Energy dependence of the energy resolution AE (1)
and shift of maximum of spectral line 5E (3) in measurement
of a conversion-electron spectrum by an Si(Al) detector with a
Mylar film (0.90 mg/cm?) as vacuum-chamber entrance win-
dow, and energy resolution with an air lock (2).

tic radiation is high (see Fig. 13). In addition to the ap-
pearance of satellite peaks, the effect leads to appear-
ance of an asymmetry of the spectral line on the low-
energy side.

2.10. The charge-collection efficiency of the detector
depends on the parameters of the initial material, the
manufacturing technique, the type of detector, and also
on edge effects (beam collimation). There is as yet no
information in the literature on the contribution of these
factors, although they apparently are involved in the
shaping of the tail of the spectral line on the low-energy
side.

2.11. Dependence of the location of the maximum of a
spectral line on the divection of biasing of the detector.
The design of the detector mounting and the means of
connecting the bias voltage may be the causes of a shift
in the maximum of a peak as the result of slowing down
(or acceleration) of the g particles. Here it is assumed
that the source is deposited on a substrate of conducting
material and is grounded.

The external effects are as follows.

2.12. Scattering in the material of the entrance win-
dow of the vacuum chamber. In a number of problems it
is possible to use a spectrometer with a thin entrance
window. In Fig. 39 we have shown the energy depen-
dence of the resolution and the shift of the peak with use
of aluminized Mylar (0.90 mg/cm?®). It must be recalled
that in such spectrometers it is necessary to shield the
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FIG. 40. Diagram of distortions of uncorrected spectrum due
to true coincidences of K(x) and L(x) radiation with K, L, M,
and N conversion electrons for a transition with energy E: the
rectangles of the central band illustrate the energy distribution
of the radiations; the distortions of the conversion-electron in-
tensities as the result of coincidences with K, radiation are il-
lustrated by the rectangles of the lower band, and with L, ra-
diation—hy the upper band. The Sieghahn designations have
been used for the L, radiation.
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window from light, since the photoeffect greatly affects
the performance of the FET.

2.13. Excitation of chavacteristic x-rays of materials
surrounding the detector and source. The discussion
here is similar to that in Sec. 1.11.

2.14. Detection of Compion electvons from scatterving
of y rays in the matevials surrounding the deteclor and
source.

2.15. Radioactive background. As a result of the
small sensitive volume the natural radioactive back-
ground (see Sec. 1.16) does not play an important role
in the study of internal-conversion electron spectra.
However, in investigation of chains of @ -active nuclides
the background can be increased significantly as the re-
sult of radioactive recoil nuclei (see Sec. 1.17) which
accumulate in the vacuum chamber and on the surface
of the detector. The only method of suppressing this
effect is the use of thin films which absorb the recoil
muclei.

2.16. Addition of pulses. Here the situation is simi-
lar to that in Sec. 1.18. However, special attention
must be given to true coincidences of L, and K _radia-
tion with K-conversion electrons, and also of I, radia-
tion with I -conversion electrons, which can greatly
distort the resulting values of I, and I, (Fig. 40). This
effect determines a limit on the solid angles used for a
given accuracy in the determination/, and I,.

3. Alpha spectroscopy

The effects associated with the radioactive source are
as follows.

3.1. Scatiering from the source backing. The cross
section for elastic scattering of o particles is given by
the Rutherford formula and the contribution of this ef-
fect must be taken into account only for large values of
the spectrometer solid angle (r-21). For spectroscopy
of @ particles (2<0.04r) the contribution of backscatter-
ing from the source backing can be neglected.

3.2. Scattering in the source material. This effect
leads to an energy shift of the spectral lines toward low
energies and to distortion of the intensities of the o
lines as a result of scattering and absorption. To avoid
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TABLE Ill. Effects distorting uncorrected spectrum,

these effects we prepare sources by electromagnetic
mass separation (ion-implantation energy 25 keV).
However, in the study of chains of o -active nuclei the

spectral lines of the daughter products are distorted as
the result of penetration of recoil nuclei into the depth

of the source backing (Fig. 41).

The effects associated with the characteristics of the

detector are as follows.

3.3. The dependence of vange on Z of the detector
material and on o-particle energy is shown in Fig. 33
Although there have been significant advances in the
preparation of Si(Li) and implanted Ge(Li) detectors,

the greatest interest from the point of view of precision
a spectroscopy is presented by Si(Au) detectors, which

have a comparatively thin entrance window and which
operate without cooling.

3.4. Scattering in the entvance window. Even before
hitting the sensitive region of the detector, the @ parti-

cle interacts with the material of the entrance window

and this leads not only to energy loss (line shift) and

broadening of the peak, but also to an increase of the
continuous distribution in the spectrum (the tail). We
note that the appearance of tails is due not only to the

value and nonuniformity of the dead time but also to the

Particle Effects due to radioactive source

Effects due to detector characteristics

External effects

¥ Scattering from source backing

Accompanying radiations
Scattering in source

Excitation of characteristic x rays in
backing and in the source itself

Dependence of y-ray interaction cross
sections on detector Z and energy

Satellite peaks due to escape of v
in pair production in detector

Satellite peaks due to escape of
characteristic x rays from detector

Scattering in detector entrance window
Charge-collection efficiency in detector

Scattering in spectrometer entrance
window, materials surrounding detector, and
absorbers

Excitation of characteristic x rays in
materials surroqnding detector and source

Detection of 1* arising in pair production
in materials surrounding detector
Scattering of ¥ rays in materials
surrounding detector

External bremsstrahlung

Dependence of position of spectral-line
peak on measurement geometry

Natural radioactive background

Distortion °”'r in study of chains of
a-active nuclides

Addition of pulses

B Scattering from source backing

Accompanying radiation
Scattering in source

Excitation of characteristic x rays in
backing and in the source itself

Dependence of iange on Z of detector
material'and on energy

Scattering in detector entrance window

Backscattering from detector

Bremsstrahlung in detector

Satellite peaks due to escape of char-

acteristic x rays from detector

Charge-collection efficiency in detector

Dependence of position of spectral-line
peak on bias voltage

Scattering in material of vacuum-chamber
entrance window
Excitation of characteristic x rays in

ials surroundi d and’

ng the
source

D

of Comp

Radioactive background
Addition of pulses

Scattering from source backing

Scattering in source material

Dependence of range on Z of detector
material and on energy
Scattering in detector entrance window

Charge-collection efficiency in detector °

Spread of angles of incidence on detector
surface

Interaction of « particles with residual-gas
molecules

Addition of pulses

Radioactive background
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quality of processing of the surface and to the charac-
teristics of the initial material (uniformity, carrier
lifetime, dislocation density, ete.?). It is impossible at
this time to formulate completely the technological con-
ditions which would assure a good response function of
an o spectrometer.

3.5. Efficiency of charge-carrier collection is one of
the main sources of asymmetry of a spectral line.*
Evidently this phenomenon is associated with the loss
of charge carriers in the sensitive region of the detec-
tor as a consequence of their capture by traps and of
recombination losses.® In distortion of a spectral line
and the increase of the low-energy tail, an important
role is played also by edge effects arising when an o
particle hits the edge of the detector, where nonunifor-
mities are possible. As the result of beam collimation,
edge effects are greatly reduced, but as a result of the
effect of the ends of the collimator they do not disap-
pear. .

The external effects are as follows.

3.6. Distortion of the uncorrected spectrum as the
rvesult of spread in the angles of incidence and conse-
quently of the travevsal of diffevent thicknesses of en-
trance window in measurement under conditions of large
solid angle © (Fig. 42). This effect leads to an increase
of the low-energy tail and to reduction of the achievable
energy resolution.?®

3.7. Distortion of the uncorrected spectrum as the re-
sult of loss due to interaction of a particles with resi-
dual-gas molecules. In order that the displacement and
broadening of a spectral line not exceed 10 keV for 5-
MeV @ particles on variation of the source-detector
distance from 3 to 37 mm, the pressure in the spectro-
meter chamber?®® must be less than 210 newton/meter?.

3.8. Addition of pulses. This effect is due to acciden-
tal coincidences (which depend on the counting rate) and
to true coincidences of accompanying cascade o, B, and
y radiations (which depend on the solid angle) and leads
not only to distortion of the spectral line (asymmetry
and broadening) but also to an increase of the continuous
distribution.

3.9. Radioactive background. The discussion here is
similar to that in Sec. 2.15.

In conclusion we give in Table III a summary of the
effects which distort the shape of the uncorrected spec-
trum.

4. TECHNIQUE OF MEASUREMENT OF ENERGY
AND RELATIVE INTENSITY OF MONOENERGETIC
RADIATIONS

The technique of measuring the energies of monoener-
getic radiations by means of semiconductor detectors is
based on comparison with energy standards., Here two
approaches are distinguished in the development of pro-
grams for calibration by means of computers: in the
first case the dependence of E on channel number for
the entire spectrum is described by a polynomial of de-
green:

546 Sov. J. Part. Nucl. 9(6), Nov.-Dec. 1978

E:-iza APy (10)
in the second case the same dependence is described in
a limited portion of the spectrum (the spline method®7).
Consequently, both methods require addition of a large
mamber of standard peaks to the spectrum studied,
which is practically impossible in miclear spectroscop-
ic experiments as the result of the large distortions of
the uncorrected spectrum.

The technique developed by us assumes use of only six
energy standards. Here it is necessary to investigate
beforehand the nonlinearity and efficiency of the spec-
trometer under previously specified conditions (gain,
solid angle, absorbers, spectrum-distorting effects)
and to approximate them by analytical expressions. In
the particular case when the complexity of the spectrum
permits addition of a large number of standards, the
method goes over to one of the approaches mentioned
above.

The technique for measurement of relative intensities
of monoenergetic radiations is based on the preliminary
study of the spectrometer efficiency by means of cali-
brated sources.

Spectrometer linearity28-3°

Nonlinearity is investigated on the assumption that two
arbitrary reference peaks of different energies lie on a
straight line whose coefficients B, and B, are found from
from the equations

E=By+ ByP; By =(E\P.—E,P))/(P,—P,); }

1
By=(E,—E;)/|(Py=Py). i

It is easy to show that the choice of the difference

|P, - P, | governs the accuracy of constructing the non-
linearity and consequently the error in energy measure-
ment (usually ‘P,_,--P1 [ >3500). Then Eq. (11) is used

to calculate the locations of the peaks with known energy
and the quantity 0;=F; — P, ineor 1S found as a function

of the channel number P. Then values of §; are approx-
imated by the method of least squares (the Fumili pro-
gram?®) by the polynomial

M
5i=i§ AP, (12)
where M =2-5. The choice M <5 is due to the assump-
tion of a smooth dependence of the nonlinearity on chan-
nel number (for larger M, oscillations between the ex-
perimental points are possible).

When this technique was first developed in 1972, a
complicated dependence §,(P) was observed and this led
to the necessity of breaking the response up into por-
tions for approximation (<5). Although the present state
of the art no longer requires this procedure, the pro-
gram organization of the technique allows for its use
also with less perfected spectrometers. The choice of
the optimum M value and region of approximation is
made by analysis of the quantity

= S (6= 8jexp ) =5, (13)
j=1
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FIG. 43. Nonlinearity of a spectrometer with a 38 em? Ge(Li)
detector (1) and a 200 mm? x5 mm Ge(Li) detector (2): the
points are experimental values; the continuous line is a fit by
a polynomial (see the text).

where n is the number of experimental points. The
quantity A obviously characterizes the limiting error
attainable in a given experiment. Usually & <0.05 chan-
nel, and the value depends on the spectrometer quality,
the accuracy of the experimenter, and the internal con-
sistency of the set of energy standards used. The re-
gions of approximation are matched over an interval
containing at least four experimental points and with
the necessary requirement

ja:"“_é;m I < Kl.ﬂ)

where j =1, ..., 4; the superscripts (1) and (2) refer to
the calculated values of the first and second regions;
&, , is the smaller of A, and A,.

The program for construction of the spectrometer
nonlinearity and approximation of the experimental data
is described in Refs. 28 and 30. An example of a plot
of the nonlinearity of a spectrometer with a Ge(Li) de-
tector and its approximation by the polynomial (12) is
given in Fig. 43. For comparison we have shown in the
same figure the linearity of a spectrometer with a lin-
ear amplifier of higher quality.

Spectrometry efficiency 2°-30

In the study of efficiency it is necessary to consider
two approaches: with use of sources whose activities
have been calibrated, or with use of data on the relative
intensities of transitions for nuclides with a complex
decay scheme.

Absolute efficiency. Measurements with sources of
calibrated activity are carried out under conditions of a
previously chosen standard geometry with allowance for
effects distorting the uncorrected spectrum. Here mea-
sures must be taken to reduce the contribution of errors
associated with geometrical reproducibility, dead time,
measurement time, AS/S, and half-life. Calculation of
efficiency values is carried out with the formula

& ans = (8/7) [ exp (—Ap)], (14)

where S is the area of a peak at a given energy, 7 is the
measurement time, I is the number of monoenergetic
particles of a given energy emitted by the source into
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an angle 4 per second, (In2)/T,s is the radioactive de-
cay probability per day, and ¢ is the time elapsed from
the moment of standardization to the time of measure-
ment, indays. Then the method of least squares (the
Fumili program) is used to approximate the values by
the polynomial

M
Ing; = §l C; (In E;)i-, ‘ (15)

where M =2-5. As in the case of the nonlinearity, the
choice M<5 is due to the assumption of a smooth de-
pendence of the efficiency of the semiconductor spec-
trometer on energy. The optimum value of M is chosen
from analysis of the values of

A= (Egbs_ B‘henr)"‘zabs IEj' (16)

The number of regions for the approximation is <5.
This choice is due to the complex dependence of the de-
tector efficiency on energy, on the one hand, and to the
absence of a sufficient number of experimental points
uniformly distributed over the entire energy range, on
the other hand. In particular, with use of the standards
set SSGS (standard spectrometric gamma sources) for
Ge(L1i) detectors in the region 165-661 keV there are
only two experimental points, although the efficiency

in this region changes by a factor of 5-10. Control of
each experimental point €4, is carried out from the
analysis of

() ) ()
a 0.693t ATy o y2y1/2
e (LS S
Relative efficiency. In a number of problems it is suf-

ficient to know just the relative efficiency of the spec-
trometer, which is easily calculated by means of the
relative intensities of monoenergetic radiations of cali-
brated sources according to the formula

epe =8/1. (18)

In the case where several sources are used, the problem
arises of matching their values. For this purpose a
basic nuclide is chosen, with respect to which the values
£ (E) obtained for different nuclides are normalized.

In particular values of €. can be used as the basic
points. Conversion of values of €, (E) for each nuclide
to the basic values is accomplished by means of a nor-
malization factor and parabolic interpolation. Then all
values £(E) are arranged in order of increasing E. The
approximation of the experimental points is then carried
out.

an.

Construction of the absolute efficiencies of spectro-
meters will be discussed below. Here we give an illu-
stration of the relative efficiency of spectrometers with
Ge(Li) detectors (Fig. 44). The results were obtained
with use of the relative intensities of the y rays of "°Se,
173Lu’ IBZTa’ lEZEu, lﬁBTb, mzlr, lmAg’ and 5600'29 The
basic source was **Eu, The programs for plotting and
fitting the spectrometer efficiency have been described
in Refs. 28 and 30. :

Processing of the results of single measurements

The structural scheme of the program for processing
of single measurements is given in Fig. 45. After tak-
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ing into account spectrometer linearity (the correction
p%~p;") by the method of least squares with six standard
lines, the coefficients of the calibration line are calcu-
lated:

Ef=B,+ B,Pi. (19)
The weights used are {(AES)® +(B,AP%)?}™", where AE$
is the error in the standard, excluding the systematic
part of the error. The error in the energy of a single
measurement is calculated by the formula

AE;={(ABy)*+ (ABo)* P} +1P; + (B, AP, (20)

Spectrometers

rocessing of spectrum,
_ by computer: |
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Experimental results:
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FIG. 45. Structural arrangement of an experiment to measure
the energies and relative intensities of monoenergetic radia-
tions.
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Here the first three terms are determined by the error
corridor of the calibration line; 7P, is a correlation
term; the fourth term takes into account the error in
determining the position of the maximum of the peak.
Monitoring the quality of the experiment is carried out
by analysis of the difference E§ — E$_;.,, where Ef is
the value introduced for the energy standard and E¢_,. .
is the energy value obtained in the calibration.

The choice of six standards (the program can be used
with from two to six standards) is due to the fact that
the technique assumes that the linearity curve is broken
down into portions and that each portion will be repre-
sented by at least one standard. In addition, in some
cases distortions of the values of P{ are possible as the
result of various instrumental effects (unknown transi-
tions, impurities, addition of pulses, escape of char-
acteristic x rays from the detector, etc.). The chosen
number of standards permits the contribution of such
effects to be observed.

The relative intensities and their errors are calcula-
ted by the formulas

) JE) SR | T
g Sple,

(21)

where g; is the spectrometer efficiency for monoenergic
particles with energy E;, I, and S, are the intensity and

area of the peak chosen for normalization, and S; is the

area of the peak being calibrated.

As a result of the above processing, the following
quantities are fed to the ADC: P;, AP;, 8;_theor » Si»
AS;, & _theor s E;y AE, I;, Al and h,=2,3540,B,. The
experimental results (E, AE, I, AI, and k) are recorded
on magnetic tape, punched tape, or cards for further
processing.

Criteria for evaluation of quality of experimental data in
single measurements, and selection of useful information

The basis of precision spectrometry of monoenergetic
radiations is the processing of a spectral line by com-
puter. Unfortunately, this process is quite subjective,
since it is necessary to specify beforehand the initial
approximations (to mark out the spectrum) and, of great
importance, the number of peaks. As yet it has not been
possible to write an automatic processing program, as
the result of the complicated response function of spec-
trometers with semiconductor detectors and the nec-
essity of extracting information on low-intensity transi-
tions in an intense background pedestal.

We shall formulate criteria for y-ray spectrometry,
which is the most complete class of problems. Spectro-
metry of internal-conversion electrons and « particles
is a particular case of this formulation.

a. Parametlers of the measurement region. Spectral
lines whose energies lie outside the region of approxi-
mation of the nonlinearity (criterion 1) and efficiency
(criterion 2) on the basis of the total-absorption peak
are discarded and printed out as a separate group,
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b. Quality of processing of a spectral line by com=
putor. For intense single peaks (for example, I> 1) the
half-width of the line h, (E) is fitted by the polynomial

B(E)=a,+ 0,E + asE2. (22)

In our measurements the most intense line is taken as
100 units. Spectral lines whose fex, (E) values do not
satisfy the inequality

[Bexp (E)—h (E) < AR (23)

are discarded and printed out as a separate group (cri-
terion 3). The values of Ak depend on the spectrometer
quality and especially on the energy resolution. The
discarded peaks are processed again with new initial
approximations. Note that an exaggerated value of &
may be an indication of multiplet structure of a peak.

C. Contribution of pair production in the detector.
Experimental values of the efficiencies based on the
single-escape and double-escape peaks are approxima-
ted by the polynomial

M
Ineg; (SE,DE) = ..2. ki (In E,)i-1, (24)

and then for each value E> 1022 keV we have

|E—E (SE,DE) ] = [(AE)*+(AE (SE,DE) )21'/2. (25)

If there is a transition whose energy E + AE coincides
within experimental error with this difference, its in-
tensity is corrected by means of the corresponding ef-
ficiency:

[§;—58; (SE,DE) ] == [(AS;)2+ (AS, (SE,DE) )2)'/*, (26)

Here S; is the area of the peak with energy E,, S;(SE, DE)
is the calculated area of the single-escape or double-
escape peak, and AS; and AS;(SE, DE) are the corres-
ponding errors. The error AS,(SE, DE) is specified by
means of a parameter®®+*® gimilar to n. Obviously in
this processing there is a conversion: intensity - area

- intensity., For monitoring purposes the sets of cor-
rected intensities (criterion 4) are printed out by the
ADC.

d. Contribution of daughtey or impurity nuclides to
distortion of the intensities of the ¥ transitions studied.
The most intense lines of a daughter or impurity nuclide
are used to find the normalization coefficient

g=(1/n) i;; /13), (27)
where [; are the intensities obtained in a given experi-
ment for transitions of a daughter or impurity nuclide
with relative intensities I;; » is the number of specified
peaks. For transitions which coincide within the limits

(AB)+ (B 28)

in energy with a transition of a daughter or impurity nu-
clide, a correction (criterion 5) is made to the intensi-

ties by the formula
Leg=—Tig) = [(A,)*+ (ATig)l 2. (29)

For monitoring purposes, sets of corrected y-ray in-
tensities are printed out by the ADC.

e. Manual mode of information selection (criterion 6).
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By this means it is possible to discard transitions which
have been repeatedly processed with different initial
approximations, and also possible background, instru-
mental, and impurity peaks. The selection is accom-
plished by specifying the number of the y transition.

The program is organized so that various criteria can
be applied repeatedly or not applied at all. The correc-
ted results are written on magnetic tape or punched
cards for subsequent processing,

Processing of results of repeated measurements

The results of single measurements in different de-
tectors, spectrometer circuits, and with different gain
settings are processed in accordance with the following
formulas:

» : o N
‘_Z E (AE): A =[a}+od+af a2V
E= ;
2 (aBy  AE=[ai+oi+ai+al
n
S naane AL =[pI B3V
{ (] :
S aany  AL=[B+pYY
. .l ) 60
, (/B (E—Epp
N (4/AE;): (n—1 1/AE)?
lg'l'. ( i n )lgl (1/AE;
ol = p?E?; { ol = 1/3B7AY;
a;=pnE% | af=0;
B2 = w2l

P

Here » is the number of measurements, E is the energy
in keV, o, is the error of the tertiary standards relative
to which the set of energy standards is constructed on
the assumption E, (411.8 - **Hg) = 411,794 + 0.000 keV
(Ref. 19) (p=10x 107®), @, is the error of the secondary
standard E, (411.8 - '**Hg) =411,794 £ 0.007 keV (u =17

x 107°), a is the error associated with approximation
of the nonlinearity for measurement in one spectrome-
ter (for different spectrometers this error goes over
from a systematic error to a random error, i.e., a;=0),
the errors B, and B, are calculated similarly to o, and
a,, wcharacterizes the limiting error which can be
achieved in a given spectrometer (for certain spectro-
meters » is taken to be the best value). As AE and Al
one takes the error which is the greater of AE,, AE,
and AI,, Al,, respectively.

The principle of operation of the program for auto-
matic processing of the results of repeated measure-
ments is shown in Fig. 45.2%*® After selection of the
useful information, the sets of single measurements
(E, AE,I, AI) are transmitted to the computer and the
data are arranged in order of increasing E. Then the-
energies whose values coincide within experimental
error are systematically selected and the results are
processed in accordance with the equations (30). The
input data and the calculated values are printed out by
the ADC.

The results obtained are subjected to the following
analysis.

Contribution of pair production in the detector. This
effect has been discussed above, where we assumed
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measurement in an energy region encompassing the
complete y-ray spectrum. On the other hand, we note
that each spectrometer must be used in some optimal
region. Thus, the program of automatic inclusion of
the effect of pair production in the detector will not be
effective when a limited energy region is investigated.
Therefore, after the processing of repeated measure-
ments for E>1022 keV, the energies of the single-
escape and double-escape peaks are calculated. Then
the single-measurement data are analyzed again and
spurious peaks are removed (criterion 6).

Comparison of experimental results with data in the
literature, We consider transitions whose energies co-
incide within experimental error. When necessary the
intensity renormalization coefficient is taken into ac-
count. The energies and intensities of transitions ob-
served either only in our experiments or only in pub-
lished work are printed out as individual groups. In the
case of inconsistencies, a repeated analysis of individual
measurements is made.

Calculation of the internal conversion electron spec-
trum. In order to plan and carry out correctly an ex-
periment to study internal-conversion electron spectra,
provision is made for plotting the calculated spectrum
on the basis of data on y-ray energies. Two tables are
printed out by the ADC: (1) the energies of the y transi-
tions and the energies of the corresponding conversion
lines (K, L, M, etc.) and their errors, (2) the energies of
the conversion lines in order of increasing value.

In constructing decay schemes with use of the Ritz
rules, the correction to the energy for nulcear recoil is
important in determination of the transition energy. In
the program the transition energy is calculated by adding
the correction for nuclear recoil:

for y rays
x E \2 m x
E":'E( me? ) M (4, Z) me; (31)
for internal-conversion elections
E m
E":E(m_cﬂ‘*'z)zM(A, Z)" (32)

These expressions refer to a free stationary nuclide.

5. SPECTROMETRY OF y RAYS

The technique of measuring the energies and relative
intensities of y rays by means of semiconductor detec-
tors is based on comparison of the uncorrected spectra
of the nuclide under study and of standard nuclides; in
the course of this comparison there are many factors
which reduce the accuracy achievable. Consequently
the process of comparison of the location of the peak of
a spectral line (P) and its energy (E), and also of the
area (S) and intensity (I) of a line, must be systematic
from the point of view of taking into account the given
standard nuclides and definite in regard to the calcula-
tion of errors. When we consider that at the present
time spectrometers employing silicon and germanium
have characteristics close to the limiting possible
values, a change in the data on standard nuclides leads
only to simple corrections of the results without repe-
tition of the experiment.
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Gamma-ray energy standards

The only natural y-ray energy standard, whose value
is completely determined by fundamental constants, is

the energy of annihilation radiation®':

me® =511.0041 40,0016 ke V. (33)

The energy of annihilation of a stationary positron with
inclusion of half of the binding energy of the 'S, state is

yE = hv= = me2— me?/8h% = 511.0007 £ 0.0016 ke V. (34)

Unfortunately, use of this value is hindered as a result
of the complex shape of the spectral line,*? which sets

a limit of the achievable accuracy. Therefore the sec-
ondary standard, whose spectral line shape does not de-
pend on secondary effects, has been taken as the 411.8-
keV y transition of *®*Hg (the selection is discussed, for
example, in Ref. 32). The accurate value

E, (411.8keV—198Hg) — 411.794 4= 0.007 keV (35)

was determined by means of an iron-free g spectrome-
ter in a comparison of the L; line of photoelectrons
from external conversion, y=411.8 keV, and the K line
¥* in a uranium radiator.®

Another approach is also possible. As a primary
energy standard one can use the energy of the x-ray
line WK, (Ref. 31):

E (WK.,,)=59. 31918 2 0.00036 keV. (36)

Analyzing the data of various experiments, B. S. Dzhele-
pov suggests™®

E, (411.8 —'%Hg) = 411.803 £ 0.014 ke V. (37)

At the present time considerable attention is devoted
to the energy value of the 411,8-keV y rays (***Hg). In
particular, the following values are given:

E, (411.8—1"Hg) = 411.8007 + 0.0027 keV [Ref. 34] :

E, (411.8 —19°Hg) — 411.805 == 0.0015 keV [Ref. 35]. (38)

Apparently the discussion will be continued.

In our experiments we shall take the value (35). This
is due to the fact that with this value: a) in Ref. 33
measurements have been made of the transition energies
which are frequently used as standards; b) in Ref. 36,
Heath gives the data of Helmer, Greenwood, and
Gerhke on y-ray energies, which are used for calibration
of y spectrometers; c) in Ref. 37 a crystal diffraction
spectrometer has been used to measure the y-ray
energies of ®*Ta and '*’Ir, i.e., these data can be con-
sidered as tertiary standards (Table IV); d) in the case
that a new value is adopted for E =411.8 keV, the cor-
rection procedure becomes simple:

E,= E, [E, (411.8)/E, (411.8)], (39)

where E, are the energy values obtained on the assump-
tion (35) and E, are the same on the assumption of the
new value of the secondary standard.

Gamma-ray intensity standards

At the present time there are a number of nuclides
whose activity, in view of the simplicity of the decay
scheme, can be measured by various methods, with an
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TABLE IV. Energy of '®Ta and !®2Ir y rays.

[36]

g [37] [32] 158] [29]

E AE AE E AE E AE E AE E AE

12Ta | 31.7370 | 0.0004 | 0.0007 | 31.736 | 0.001 — = = = = =

42.7143 | 0.0006 | 0.0009 | 42.715 | 0.002 s s =5 = = i

65.7219 [ 0.0006 | 0.0013 | 65.722 | 0.002 - =i _ = 24 iy

67.7496 | 0.0006 | 0.0013 — £ 67.750 | 0.001 - — - =
84.6802 | 0.0008 | 0.0016 | 84.680 | 0.003 | 84. 0.002 - - 84.681 | 0.003
100.1067 | 0.0009 | 0.0019 | 100.103 | 0.002 | 100.105 | 0.001 — — 100.105 | 0.002
113.6677 | 0.0011 | 0.0022 | 113.673 | 0.003 | 113.673 | 0.002 = — | 113.672 | 0.008
116.4472 | 0.0011 | 0.0023 | 116.416 | 0.004 | 116.418 | 0.002 = = 116.413 | 0.003
152.4298 | 0.0043 | 0.0029 | 152.431 | 0.003 | 152.434 | 0.002 - — 152.427 | 0.003
156.3819 | 0.0014 | 0.0030 | 156.391 | 0.004 | 156.387 | 0.002 - = 156.380 | 0.005
179.3895 | 0.0046 | 0.0034 | 179.395 | 0.005 | 479.393 | 0.003 — — | 179.388 | 0.003
198.3478 | 0.0017 | 0.0038 | 198.361 | 0.008 | 198.356 | 0.002 = — ]198.349 | 0.007
222.1037 [ 0.0049 | 0.0042 | 222.407 | 0.005 | 222.110 | ©.003 = — | 222.102 | 0.006
229.3162 [ 0.0035 | 0.0052 | 229.32( | 0.008 | 229.322 | ©.006 = — | 229316 | 0.005
264.0697 | 0.0022 | 0.0050 | 264.072 | 0.009 | 264.072 | ©0.006 - — | 264.069 | 0.005

to21y | 136.3400 | 0.0007 | 0.0024 — — w = — - — —
295.9483 | 0.0014 | 0.0052 | 295.942 | 0.009 | 295.949 | 0.006 | 295.949 | 0004 | 205.946 | 0.005
308.4464 | 0.0014 | 0.0054 | 308.430 | 0.010 | 308.445 | 0.007 | 308.444 | 0.005 | 308.445 | 0.006
316.4977 | 0.0014 | 0.0056 | 316.487 | 0.040 | 316.497 | 0.007 | 316.496 | 0.005 | 316.495 | 0.008
416.4501 | 0.0035 | 0.0079 = — 416.450 | 0.008 — — | 416.454 | 0.014
468.0546 | 0.0021 | 0.0082 | 468.059 | 0.044 | 468.062 | 0.010 = — | 468.056 | 0.009
588.5562 [ 0.0034 | 0.0106 | 588.567 | 0.047 | 588.572 | 0.012 | 588.566 | 0.008 | 588.572 | 0.012
604.3942  0.0026 | 0.0106 | 604.396 | 0.017 | 604.401 | 0.012 | 604.393 | 0.008 | 604.894 | 0.012
612.4460 [ 0.0026 | 0.0106 | 612.446 | 0.017 | 612.450 | 0.013 | 612.445 | 0.008 | 612.446 | 0.013

884.5037 | 0.0044 | 0.0156 = 52 884.523 | 0.018 | 884.514 | 0.012 — —

Note. AE' is the error without inclusion of the error in the secondary standard (ay=0);

AE is the total error (o, =17 %10 E keV).

TABLE V. Radioactive sources, activity measurement er—
rors AA, vy-ray yield per 100 decays, and minimum values
obtainable in measurement of spectrometer efficiency.

Refer- T
Nuclid /2 AA, % E I 7 AT | AEL | Aez | Aes
uclide | ence days

iAm| [28] | 432.9 (8) years | | 59.54 35.9(0.6 11.7]11.9(2.3

08¢ 60] | 453.2 (18] 2.5 | 22.1 KX | 83.00]3. 3.6 | 4.4
Bepiog) 10 . 25.0 KX | 17.81/0.64)| 3.6 | 4.4 | —
.03 3.7910,07) 1.8 | 3.1 | —
57Co | [28] | 269.8(4) 1 6.5 KX | 55.3/1.5 |2.7]2.9] 3.1
14.41 9.510.2 |2.1]2.3]2.6
122.06 85.6 [0.4 | 0.5 1.1 1.6
136.47 10.750.30| 2.8 | 3.0 | 3.2
138G, 28 137.2 (4 1 33.4 KX | 62.530.57( 3.8 | 3.9 | 4.1
Al o 37.8 KX | 15.13/0.14| 3.8 | 3.9 | 4.1
165.85 80.35/0.08| 0.1 | 1.0 | 1.5
203Hg | [28] 46.76 (8) 1.5 10.3 LX 5.E3|U.08 1.5 2 2.4
72.9 KX 9.77/0.50| 5.1 | 5.3 | 5.3
82.5 KX 2.730.201 7.3 1 7.5 7.5
279.19 81.55/0.15) 0.2 | 1.5 [ 1.5
1135n | [28] | 115.2(8) 1.5 3.3 LX [13.5 (0.1 |0.7|1.7 (1.7
24.7T KX |96.6 [0.3 [0.3]|1.5|1.5
255.12 1.9 0.1 | 5.3]5.5|5.5
391.69 64.4 0.3 [0.5|1.6 1.6
137Cs | [28] | 30.18(10) years| 1 4.5 LX 1.250.01] 0.8 | 1.3 | 1.7
32.1 KX 5.67/0.18| 3.2 | 3.3 | 3.5
36.5 KX 1.34/0.05( 3.7 | 3.9 | 4.0
661.65 85.1 0.5 [0.6(1.2|1.6
54Mn | [28] | 312.5(3) 0.5 5.5 KX {25.00.2 | 0.8]0.9 i
834.86 100 — | —]0.56 B
8y [28] | 107.4(8) 1.5 | 14.4 KX | 63.40/0.32| 0.5 | 1.6 | 1.
898.01 91.4010.07) 0.4 | 1.5 | 1.5
1836.07 99.40[0.07) 0.4 | 1.5 | 1.
%5Zn  |.[28] | 245.7(11) 1 8.1 KX |[35.20.3 |0.9(1.3]1.7
1115.56 50.6 (0,4 1 0.8|1.3]1.
%Co | [28] | 5.275(5) years | 0.5 [ 1173.24 99.74/0.05]| 0.1 1 0.5 | 1.5
1332.49 99.85/0.03| 0.1 ] 0.5 | 1.5
2Na | [28] | 2.602(5) years| 1 1274.53 99.95(0.02( 0.1 | 1.0 [ 1.5
24Na | [64] [15.030(3) hours| — 1368.60 {100 ot e | B
[62] 2753.97 99.85/0.02( 0,02 — | —

Note. AE,=AI/T, AE,=[(AI/D?+ (DAFIM; AE,=[(A/I)
+ m=1_5%)2]”2.

561

Sov. J. Part. Nucl. 9(6), Nov.-Dec. 1978

error 0.5-3% (Table V). These data are also used for
investigation of the experimental dependence of the ef-
ficiency of Ge(Li) spectrometers as a function of the
energy for a given geometry.?® In addition, one fre-
quently uses data on the relative intensities of the y
transitions arising in the decay of '**Ta, 52Eu, °"™ag,
%Co, etc. Here, however, it must be remembered that
these data were obtained by means of the data of Table
V and that the comparison procedure is frequently er-
roneous.

Construction of a set of energy standards?®

As tertiary standards we have used the energies of
the ®*Ta and "**Ir y rays, measured by means of a
crystal diffraction spectrometer (see Table IV, column
1). For comparison we have given in the same table the
energies recommended by various authors. These data
give rise to speculation on the choice of energy stan-
dards. A number of discrepancies indicate the existence
of errors in the experiments with a crystal diffraction
spectrometer (see Table IV, columns 1-3). In particu-
lar, the value of the energy 588 keV (**®Ir) (Ref. 37) can
be considered as a blunder.

Energy standards above 600 keV are created by use of
transition energy values obtained by addition of concur-
rent cascade transitions with inclusion of nuclear recoil
for nuclides with well investigated decay schemes (Table
VI). The upper energy limit 600 keV (see Table IV) im-
poses a limitation of 1200 keV for two-cascade transi-
tions. Consequently, the possible energy ranges are -
~1000, ~2000, and ~4000 keV. Unfortunately, the num-
ber of concurrent cascades for nuclides with sufficiently
simple spectra and convenient half-lives is limited.
Therefore we have used also the fact of retention of
spectrometer nonlinearity with change of the gain by
means of a frequency-independent attenuator.®

The procedure of constructing a complete set of ener-
gy standards has been as follows:

a) The range up to 260 keV. The choice of this ener-
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TABLE VI y -ray energy obtained by means of concurrent cascade transitions.

Nuclide E(1) @ (1) E(2) P (2) E(C) @) E(D) @ (D) E L4
7Ly 285.360 | 0.003 350.750 | 0.005 636.119 | 0.006
179.363 | 0.001 456.771 | 0.008 636.134 | 0.006
78.651 | 0.006 557.482 | 0.004 636.133 | 0.007 - - 636.129 | 0.006
smTc 204.419 | 0.003 582.068 | 0.005 786.184 | 0.006 | 786.194| 0.007 | 786.488 | 0.015
204.119 | 0.003 616.497 | 0.049 820.614 | 0.023 | 820.640 | 0,013 | 820.632 [ 0.019
BiCs 560.322 | 0.003 795.856 | 0.003 | 1365.477 | 0.004
’ 563.231 | 0.004 801.943 | 0.004 | 1365.173 | 0.006 [1365.180 | 0.011 |1365.177 | 0.003
LomAg 620.353 | 0.008 763.936 | 0.005 | 4384.285 | 0.008
677.643 | 0.002 706.672 | 0.003 | 1384.280 | 0.004 .
446.802 | 0.005 937.507 | 0.003 | 1384.305 | 0.008 |[4384.274 | 0.007 |4384.285| 0.007
657.744 | 0.002 818.028 | 0.007 | 1475.777 | 0.007 |1475.781 | 0.010 |1475.778 | 0.006
687.001 | 0.004 818.028 | 0.007 | 1505.024 | 0.008
620.353 | 0.006 884.605 | 0.002 | 1505.043 | 0.006 |[1505.043 | 0.023 |1505.036 | 0.006
677.613 | 0.002 884.605 | 0.002 | 1562.293 | 0.003
744.271 | 0.004 818.028 | 0.007 | 4562.302 | 0.008 |1562.319 | 0.020 |1562.295 ( 0.007
LeCe 696.492 | 0.004 | 1489.132 | 0.005 | 2185.617 | 0.007 - —  |21485.817 | 0.007
6Co 1238.271 | 0.003 | 1360.200 | 0.005 | 2598.450 | 0.006 |2598.429 | 0.013 |2598.444 | 0.008
8y 898.048 | 0.005 | 1836.074 | 0.008 | 2734.103 | 0.004 - —  |2734.103 | 0.009
6Co 1238271 | 0.003 | 2015.19 | 0.018 | 3253.423 | 0.018 |3253.410 | 0.019 |3253.414| 0.013

Note. E(C)is the energy found by addition of cascade transitions with inclusion of nuclear-
recoil energy; E(D) is the energy obtained in direct measurement by means of other ener-
gy standards; E is the average value of the energies E(C) and E(D).

gy region is due to the attempt to reduce the errors with
optimal choice of the gain for spectrometers with high
energy resolution.

b) The range up to 600 keV. A complete set of data
has been used (see Table IV). A typical uncorrected
spectrum is shown in Fig. 46. By means of concurrent
cascade transitions the energies of three direct transi-
tions have been determined: 636, 786, and 820 keV (see
Table VI).

¢) The range up lo 820 keV. Gamma rays up to 612
keV have been measured in the working region of spec-
trometer channels (see Table VI), the nonlinearity
studied, and its behavior fitted by a polynomial.** Then
the gain was changed in such a way that the energy range
of the calculated direct transitions up to 820 keV was
placed in the working region (see Table VI). Completion
of this step made possible determination of the energy of
four direct transitions (1365, 1384, 1475, and 1505 keV).

d) The range up to 1505 keV. The energies of nine
direct transitions have been determined and improved:
786, 820, 1365, 1384, 1475, 1505, 1562, 2185, and
2598 keV (see Table VI). Then all measurements car-
ried out up to this moment were recalibrated by means
of the improved data on Table VI. A typical uncorrected
spectrum is shown in Fig. 47.

€) The range above 1500 keV. The measurements
were made in three stages: up to 2185, 2598, and 3500
keV (see Table VI). A typical uncorrected spectrum is
shown in Fig. 48.

More than 800 series of measurements have been
made in various detectors, spectrometer circuits, and
gain settings. The results of the experiments are given
in Table VII. Following Ref. 32, we give the orders of
the standards. The quaternary standards were obtained
in a direct comparison with the data of Ref. 37. The
fifth-order standards were obtained in comparison with
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the tertiary and quaternary standards. The + sign indi-
cates that the energy value was obtained by addition of
the energies of concurrent cascade transitions.

A check of energy standards up to 600 keV is carried
out by solution of the inverse problem—measurement of
the energies of the '®*Ta and "**Ir y rays by means of the
data of Table VII. The results of three series of mea-
surements are given in Table IV (column 5). They indi-
cate a good convergence of our data with the recommen-
ded values. A check of the reliability over a wider
region was carried out by means of concurrent direct
and cascade transitions (within the limits of o, or a,)
for nuclides with well investigated decay schemes
(Table VIII). The fact of agreement of the results within
the listed errors can be interpreted as a confirmation of
the correctness of the model for calculation of the er-
rors.

We note that previously it was proposed to use the
single-escape and double-escape peaks for precision
measurements of the energies of high-energy y transi-
tions. We carried out six series of measurements of
the y-ray spectrum of *Co (Table IX). It is evident that
complicated kinematical processes in the electric field
of the detector in detection of an electron-positron pair
are the source of systematic errors. Incidentally, the
y-transition energy values obtained by means of double-

escape peaks for *°Co agree with the values recommen-
ded in Ref. 38.

The values of certain energy standards recommended
by various authors are compared in Table X. The data
of Refs. 32 and 36 were obtained by analysis of various
experimental studies and corrected with inclusion of the
newest values of the fundamental constants. The data of
Refs. 54 and 57 were obtained by means of new experi-
ments in crystal diffraction spectrometers. In general
we observe good agreement of the results within the
errors. At the same time the energies of certain '*?Eu
transitions from Ref. 57 differ from those obtained by
us. Analysis of a larger number (than in Ref. 57) of
concurrent and cascade transitions (see Table VIII) in-
dicates good internal consistency of our results. Here
we must keep in mind that the 443.9-keV transition may
be a doublet. The relation of the two complete sets of
energy standards proposed in the present work and in
Ref. 36 is illustrated in Fig. 49. As can be seen, with
increase of E an increase is observed in the difference
between our energy values and those from Ref. 36,
which at E ~3000 keV reaches 100 eV. In the same fig-
ure we have given also the differences in the *Co y-ray
energy values proposed by us and in Ref. 38.

It is of particular interest to compare our results with
the tertiary standards measured in an iron-free mag-
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Nuclide Q q E @, @, AE Nuclide Q q E P, D, AE
182T 3 3 . 31.7370 = 3 0.0007 110mAg 5 9 620.353 0.005 0.006 0.014
1823 3 — 42,7143 - — 0.0009 1Ly +4 | — 636.129 0.004 0.006 0.043
21Am 5 6 | 59.538 0.002 0.001 0.002 110mAg 5| 8 | 657.744 0.002 0.002 0.013
169Yh 3 - 63.1182 —_ — 0.0011 137Cs 5 11 661.648 0.002 0.002 0.M3
182 3 | — | e5.7219 > = 0.0013 10mAg 5| 9 | 677.613 0.002 0.002 0.014
182Tq 3 —_ 67.7496 —_ — 0.0013 110mAg 5 9 687.001 0.003 0.004 0.014
70Ty i R T = - 0.0015 e 5| 10 | 696.492 0.004 0.003 0.013
182Tg 3 | — | 84.6802 — — 0.0016 - 82Br 6| 5 | 698.361 0.004 0.003 0.013
160Th 4 6 | 86.790 0.001 0.001 0.002 110mA 5| 10 | 706.672 0.002 0.003 0.4
108Cq 4 | 14 | 8s.032 0.004 0.001 0.002 110mA 5| 9 | 744.271 0.003 0.004 0.045
176mLy 5 4 | 88.367 0.002 0.002 0.003 1omAg 51 9 | 763.936 0.003 0.005 0.016
B3e 4 6 | 96.734 0.002 G.002 0.003 82Br 6| 5 | 776.516 0.004 0.003 0.014
183Gd 4 | 12 | 97.432 0.001 0.004 0.003 152y 6| 7| 718.914 0.003 0.004 0015
182y 3 | — | 100.1067 — — 0.0019 9smTe +4 | — | 786.188 0.005 0.005 0.015
163Gd 4 12 103.181 0.001 0.001 0.002 134Cg 5 10 795.856 0.002 0.003 0.016
189Yh 5 9 | 109.784 0.001 0.001 0.003 13Cs 5| 11 | 801.957 0.003 0.004 0.018
181 3 o 113.6677 — = 0.0022 110my 5 9 818.028 0.004 0.007 0.015
182Tq 3 | — | t16.4172 - — 0.0023 ssmTe 4| — | 820.632 0.014 0.012 0.019
160Yh 5 9 | 118.191 0.001 0.001 0.003 s2Br 7| 5 | 827.828 0.005 0.007 0.016
3e 4 | 12 | 21147 0.001 0.001 0.003 s4)Mn 5| 14 | 834.858 0.002 0.002 0.015
182Ey 4 | 14 | 121.782 0.001 0.001 0.003 536G 6 | 13 | 846.777 0.004 0.001 0.016
37Co 4 | 15 | 122.000 0.004 0.001 0.002 152y 6| 5 | 867.383 0.006 0.003 0016
tevyh 5 9 | 130.525 0.004 0.002 0.003 160Th 61 5 | 879.387 0.005 0.005 0.017
14iCe 4 9 | 133.518 0.001 0.4001 0.003 LomAg 5| 9 | 884.695 0.002 0.002 0.016
3¢ 4 12 | 136.000 0.001 0.001 0.003 sy 6 | 11 | 898.048 0.004 0.005 u.019
37Co 4 6 | 136.475 0001 0,002 0.005 110m 5| 9 | 937.307 0.003 0.002 0.017
L1Ce 8 4 | 143.443 0.001 0,004 0.003 160Th 6| 5 | 962.347 0.007 0.003 0.018
182y 3 | — | 152.4208 A £ 0.0029 1526y 6| 8 | 964.070 0.003 0.002 0.118
182T3 3 | — | 135.3819 — - 0.0030 160Th 6| 5 | 966.163 0.005 0.002 0,019
135Ce 4 | 32 | 185.854 0.001 0.001 0.003 #Co 6 | 18 | 1037.841 0.003 0.002 0.018
18Ly 5 10 | 171.402 0.001 0.001 0.00% 828 7| 5 | 1043.996 0.005 0.008 0.020
169Yh 5 9 | 177.208 0.001 0.001 0.004 207Bj 6 | 14 | 1063.660 0.002 0.001 0.019
1i3Ly 5 9 | 179.363 0.001 0.001 0.004% 152Ky 6 | 7 | 1085.83 0.004 0.004 0.019
182T5 3 | — | 179.3895 — is 0.0034 132Ey 6| B | 1112.065 0.008 0.004 0022
160Th 5 4 | 197.026 0.003 0.002 0.004 70 6 | 12 | 1115.555 0,004 0.001 o020
189Yh 5 9 | 197.948 0.001 0.001 0.004 182 6| & | 1121.290 0.004 0.002 0020
82Ty 3 | — | 198.3478 — — 0.0038 0Co 6| & | 1173.236 0.003 0.004 e
58e 5 6 | 198.603 0.002 0.002 0.005 86Cqy 6 | 11 | 1175.095 0,006 0.008 0.023
167 T 6 4 | 207.797 0.001 0.001 0.004 160Th 6| 5 | 1177.970 0.007 0.001 0,022
180Th 4 6 | 215.841 0.001 0.004 0.004 18Ty 6 8 | 1189.034 0.004 0.002
82Br 6 5 | 221.476 0.002 0.001 0.006 160Th 6| 5 | 1199.904 0,008 0.006
182Ty 3 | — | 222.1087 - — 0.0042 12Ey 6 | 8 | 1212.895 0.008 0.004
1827y 3 | — | 220.3182 — - 0.0032 182Tg 6| 8 | 1221.391 0.004 0.002
1Ly 5 9 | 233.603 0.002 0.001 0.005 82Ty 6| 8 | 1230.9 0.004 0.003
152Ey 4 | 1% | 244.691 0.001 0.001 0.005 #Co 6| 18 | 1238.271 0.003 0.002
1133n 4 | 15 | 255.132 0.007 0.002 0.008 182Tg 6| 8 | 1257.416 0.007 0.006
188Yh 5 9 | 261.069 0 007 0.004 0.009 160Th 6| 5 | 1271.8% 0.007 0.003
182Ta 3 | — | 2840711 — = 0.0050 18Tq & '8 | agrsEd 0.010 0.005
58e & 6 | 264.652 0.001 0.001 0.005 2Xa 6| 8 | 1274.531 0.004% 0.002

182Tq 6| 8 | 1289.119 0.007 0.015
173Ly 5| Ve~ a2l 0.001 0.001 0.003 182Ey 6| 5 | 1299.108 0.009 0.007
133Ba 4 7 276.397 0.003 0.003 0.005 160Th 6 2 1312.174 0.007 0.011
03Hg 41 10 279.189 0.001 0.001 0.006 828y 7 5 1317.459 0.007 0,007
BSe 5| 9| 219.53 0.001 0.001 0.006 80Co 6| 8 | 1332.485 0.005 0.3
178y 51 5 | 285.369 0.002 0.003 0.006 36Ca 6 | 15 | 1360.209 0.005 0.005
iy 3 - 295.9483 — — 0.0052 134Cg =3 — 1365.177 0.3 0.2
180T 5| 5 | 20857t 0.002 0.002 0.006 24Na 6| 8 | 1368.615 0.008 0.003
1338 41 7| 302.80 0.002 0.002 0.006 LomAg 45 | — | 1384.285 0,005 0.007
58e 5 7 | 303.908 0.004 0.003 0.010 L2Ey 6| 8 | 1407.974 0.006 0.004
169Yh dig fonl] 4075732 0.002 0.003 0.008 1omAg +6 | = | 1475.578 0.009 0.008
193] 3| — | 308.4464 — - 0.0054 14Ce 6| 10 | 1489.132 11,009 0.006
192y 3| — | 316.4877 2 0.4036 10mAg +5 | — | 1505.038 0.005 0.006
182Ey 4 11 344.267 0.1 0.001 0.007 110my g -5 - 1562.303 0.004 0.006
1338, 4 7| 356.005 0.002 0.002 0.007 207Bj 7| & | 1770.,253 0,013 0.006
1338y 4| 7| 383.83 0.003 0.004 0.008 55Co 7| 13 | 1771.847 0.006 0.007
1133 4| 17 | 391.888 0.002 10.002 0.007 Co 7| 9 | 1810.768 0.018 0.018
5Ge 5| 9 | 400.650 0.002 0.003 0.008 88y 7| 10 | 1836.074 0.008 0.003
152Ey 5| 5 | 411.08% 0.006 0.007 0.010 58Co 7| 13 | 1963.760 0.019 0.047
198Hg 2l 411.794 — - 0007 s8Co 7| 13 | 2015.196 0.018 0.008
1e2]p 3| — | 416.4501 pis — 0.0079 6Co 7| 13 | 203i.772 0.007 0.006
162y 5| 5 | 443.940 0.005 0.003 0.009 56Co 7| 7 | 2113.454 0.030 0.015
110mAg 5| 9 | 446.802 0.004 0.005 0.014 144Ce 6| — | 2185.607 0.007 —
1921 3| — | 468.0546 — — 0.0082 $6Co il 7| 2212.8% | 0.03 0.038
82Br 6 3 554.330 0,004 0.005 0.011 58Cgo —6 — 2598.444 0.006 0.008
134Cs 5| 6 | 563.231 0.004 0.003 0.041 2XNa 71 6 | 2753.98 0.012 0.012
134Cg 5| 6 | 3569.322 0.003 0.002 0.012 6Co 7| 7 | 3009.587 0.023 0.017
207B{ 4| 16 | 369.683 0.001 0.002 0.011 s6Co 7| 7 | 3201.987 0.019 0.009
192]p 3| — | 2588.3562 — — 0.0106 s6Co =6 | — | 3253.414 0.913 0.006
1e2[p 3| — | 604.3942 — - 0.0106 36Co 7| 7| 3213.000 0.020 0.022
134Cs 5 11 604.707 0.001 0.002 0.012 56Co 7 7 3451.173 0.024% 0.018
1e2y 3| — | s612.4460 — — 0.0106 |
Note. & =a,; ®,=a,; Q is the order of standard; g is the number of series of measurements.
netic g spectrometer (Table XI). The y-ray energy (see Fig. 24). Consequently, for realization of this ac-
values are in excellent agreement. Some concern is curacy in an experiment it is necessary to investigate
caused by the transition energy 1368 keV (**Na), but we the spectrometer efficiency with a comparable error.
assume that the discrepancy can only be due to some An ideal case is the use of one source containing a suf-
error in Ref. 33. ficient number of intense lines uniformly distributed

over a wide energy range (such sources will be called
multistandard). In an actual physical experiment ***Ra
is most frequently used. Unfortunately its y spectrum

Relative intensities of  rays of radioactive nuclides used
for spectrometer calibration®®

Use of computers for processing of a spectral line is complex, among the daughter products are gases (so
permits determination of the area S with an error < 1% that it is difficult to observe equilibrium conditions),
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TABLE VII. y-ray energy obtained by means of concurrent cascade transitions and mea-
sured by means of energy standards (see Table VII),

Nucide | E(h) o) E(@) ?(2) E(Q) 20 | ED ?® | Difference
56Co 1238.271 | 0.003 | 1360.200 | 0.005 | 2598.450 | 0.008 | 2598.420 | 0.013 | —0.021-0.014
1238.271 | 0.003 | 2015.196 | 0.018 | 3253.423 | 0.018 | 3253.410 | 0.019 | —0.013%0.026
1238.271 | 0.003 | 2034.772 | 0,007 | 3272.995 | 0.008 | 3273.000 | 0.022 | —0.005%0.023
758e 96.734 | 0.002 303.908 | 0.004 400,642 | 0,005 400.646 | 0.006 | -4-0.004%0.008
121,147 | 0.001 279.535 | 0.001 400.652 | 0.002 400.646 | 0.006 | —0.008%0.007
136.000 | 0.001 264.652 | 0.001 400,652 | 0.002 £00.646 | 0.006 | —0 006%0.007
e2pp 22,476 | 0.002 606.344 | 0.012 | 827.810 | 0042 827.898 | 0.007 | --0.009%0.014
698.361 | 0.004 619.100 [ 0.009 [ 1317.456 | 0.010 | 1317.459 | 0.007 | 40.003F0.012
698.361 0 004 776.516 | 0.004 | 1474.865 | 0.006 1474.867 | 0.009 | --0.002%0.011
9smTe 204.119 | 0.003 582.068 | 0.005 786.184 | 0.006 786.194 | 0.007 | -0.010%0.009
204.119 | 0.003 | 616.497 | 0.019 820.640 | 0.013 820.640 | 0.013 | 0.000%0.018
tiom g 446.802 | 0.005 | 937.507 | 0.003 | 1384305 | 0.6 | 1384.274 | 0.007 | —0.031£0.009
G038 | 00 | Tisiose | o0es | iaam | ous | fsizmi | ST —0.0tex0.00g
f i 763. 005 i 0. 27 007 —0. %
857746 | 0.002 | 818.028 | 0.007 | (475777 | 0.00r | 1473784 | 0.010 | 1000150 000
620.353 | 0.006 884.695 | 0.002 | 1503.024 | 0.006 | 1505.038 | 0.0141 | +-0.004+0.043
687.001 | 0.004 818.028 | V.07 | 1505.043 | 0.008 | 1305.028 | 0.041 | —0.01530.014
677.613 | 0.002 884.695 | 0.002 | 1562.208 | 0.003 | 1562.319 | 0.020 | —0.026=0 022
sl 722% g.~£4 sas.ogs g.ggT 1562.302 | 0.008 | 1562.319 [ 0.020 | -0.018F0.022
a ; 2005 78.733 1003 133.622 | 0.00 133.6 ] <0 2
92'98% | 0.003 | 123.805 | 0.002 216089 n.mg 2?3.3?? 3.% ‘g.%gfg.gﬁ
157.148 | 0.020 | 216.085 | 0.010 373.232 | 0.022 373.221 | 0.019 | —0.0110.029
246.807 | 0.032 373.221 | 0.019 620.118 | 0.037 620.090 | 0.010 | —0.028%0.039
1108, 328.763 | 0.004 487.012 | 0.0f0 815.773 | 0.011 815.770 | 0.015 | —0.003%0.019
181Ce 696.492 | 0,004 | 1489.132 | 0.009 | 2185.647 | 0.010 | 2185.807 | 0.013 | —0.01040.016
19Gq 149.733 | 0.006 346.660 | 0.006 496.392 | 0.008 496.403 | 0.010 | +0.0(1%0.013
346.660 | 0.008 298.617 | 0.007 645.276 | 0.000 645.288 | 0.008 | -L0.012%0.012
272.317 | 0.006 516.558 | 0.008 788.874 | 0.010 788.857 | 0.008 | Z0.017+0.013
149.733 | 0.006 788.857 | 0.008 938.589 | 0.010 | 938591 | 0.011 | --0.002%0.015
272.317 | 0.010 | 666.203 | 0.008 | 938.608 | 0.013 | 938591 | 0.001 | —0.017+0.017
52Ey 244.691 | 0.001 443.940 | 0.005 688.630 | 0.005 | 688.655 | 0.048 | -L0.025%0.048
357.7&3 0.0l4 | 411.08% | 0.007 718.850 | 0.016 778 014 | 0.009 | -L0.084%0.019
121.782 | 0.001 964.070 | 0.003 | 1085.83 5
618.630 0.0 i10s 0:007 1089722 | 0.003 108,338 0008 o
: 0 i 006 | 1142.073 | 0,006 | 1112.065 | 0.010 | —0.008%0.
443.940 | 0.005 | 984.070 | 0.003 | 1408.008 | 0.00G 07 97 I e
25 691 | 0001 | 1212895 | 0008 | iaeciocs | O 1407 974 | 0.009 | —0.034+£0.011
180T 36.790 | 0001 o | o do7.392 | 0.008 | 1457.590 | 0.034 | —0.002+0.036
5 0 870. : 177 | 0.005 966.163 | 0.005 | —0.014%0.007
197.026 | 0.003 765.311 | 0.009 962.337 | 0.010 | 995 345 [01050.012
208571 | 0.002 | 879.387 | 0,005 | 1177.958 | o o08 e o | 9-007 | +0.0100.012
205641 | 0.00{ | 962:347 | 0007 | 1177.988 | 0007 | 11y gy | 9:007 | --0.01230.009
197.026 | 0.003 | 1002865 | 0.007 | 1100.891 | 0°008 | 1iea.o0g | O:90T | —0.018%0.010
302.480 | 0.032 | 870.387 | 0.005 | 1271.867 | 003 | iaoioon | 0:008 [ +-0.013%0.011
48 \ 005 : . 1271.896 | 0.007 | -L0.020%0.033
309.562 | 0.018 | 962.347 | 0.007 | 1271.900 | 0.018 | i2% : +
197.026 | 0.004 | 1145.156 | 0.8 | 1312.182 | 0.0 A o | =00 0.0
- 410300 | 0014 | ‘3930 | ot | 1312.182 | 0.018 | 131247 | olots | —0.008%0.021
. ; § 051 0.024% 810,084 0.029 | 4-0.033%0
410.300 | 0,014 | 490451 | 0017 | 900751 | 0022 | o900 Aldoce0.038
203.436 | 0.003 | 697.298 | 0.029 | 900.734 | 0.029 3 | o:0a8| —0.0243:01088
12.703 | 0.005 | 816:339 | ol | 990132 | 0.022 | 999108 | Sgmy | =3 004£0.040
181.580 | 0.002 | 912.085 | 0.022 | 1093.615 | 0.022 83:600 | 0.0 | =5:000x0.034
528.266 | 0.022 585.727 | 0.020 | 1112.99¢ | 0030 e o0 | -0 ).—0.008:00,088
30055t | 001 | o208 | Oss | Lla-9 | 0.080 }ug.r_uo 0.019 | -0.019%0.049
528265 | 0:03 | oisons | el | l2.3% 02 402.510 | 0.016 | _0.024%0.032
8Ly 78 651 0,008 108,710 0 0% 440.34 0.031 1440.347 0.026 | —0,00220.035
B 008 00.71 ’ 179.370 | 0.008 179.363 | 0.004 | —0.007%
100719 | 0.008 | 171402 | 0003 | 272120 | olom | ove o : —9:00720.000
171.402 | 0.003 179.363 | 0.004 350.764 | 0.005 o0 | o002 4 —0.0090.007
171.402 0.003 285,389 0,003 45'}'7” 0-002 350750 0.005 —0.0144+0.007
10.749 | 0.008 | 456°769 | 0.013 | 557.488 | 0.014 | ooy ies | a3 | —0.002%0.014
285.300 | 0.003 | 3070 | 0005 | 636.120 | 0:007 | o640 | one | 7o M80.02
85.30 50, ; ; : 36.120 [ 0.007 | -0.009%0.010
436.769 | 0.013 179.363 | 0.004 636,132 | 0.014 | oag : To.
557.485 | 0.016 78.650 | 0.006 | 636,136 J017 A | 30 | -0-derhoin
18:Ta 100,105 | 0:002 | 11a9ces | O-008 : 0.047 636.129 | 0.007 | —0.0070.048
( : 9. ; 1289.139 | 0.005 | 1289.119 | 0.04 +
1001 0.002 | 1157.308 | 0.022 | 1257.410 | o0.022 | 1257 ‘o |i50,020::0.015
229.316 | 0.005 | 928023 | 0.042 | 1157.338 | 0043 | iioy e | 0.0f5 | -+0.0060.027
29316 | 0.005 | 1001705 | 0,005 | 1231018 | 0008 | opoos | 0.022 | —0.030%0.048
B4.681 | 0.003 | 1189.035 | 0004 | 1273714 | 0,003 | 1ooe oy | 0004 | —0.020%0.009
16413 | 0003 | 1i51.308 | 0os | iargitd | 0008 | 27t | oloto | —0loxo.0f
413 .30 022 273, 022 1273.710 | 0.010 | —0.0050.026
162.427 | 0.003 | 1121.200 | 0004 | 12730717 | 00005 | 1273.711 0.010 —o.aog:_ﬁo.ou

Note. The designations are the same as in Table VI, Nuclear-recoil energy is taken into

account.

TABLE IX. y-ray energy obtained from total-absorption
peaks (TA), single-escape peaks (SE), and double-escape

peaks (DE).
£ (DE) @ (DE) E(SE) | o(SE) E ° Escape
749.448 | 0.041 1260.320 | 0.052 | 1771.450 | 0.041 DE
1771.321 | 0.052 SE
1771.347 | 0.023 TA
1576.530 0.042 2087.424 0.046 2598.532 0.042 DE
2598.425 | 0.046 SE
2598.435 0.011 TA
2180.148 0.105 2690.970 0.070 3202.150 0.105 DE
3201.971 0.070 SE
3201.987 0.019 TA
2231.572 0.031 2742.399 0.055 3253.574 0.031 DE
3253.400 | 0.035 SE
3253 .414 0.016 TA
2251.179 | 0.047 | 2761.987 | 0.107 | 3273.181 | 0.047 DE
3272.988 | 0.107 SE
3273.000 | 0.n22 TA
555 Sov. J. Part. Nucl. 9(6), Nov.-Dec. 1978

and there is not an adequate number of intense y transi-
tions uniformly distributed in energy. Therefore we
shall investigate a set of radionuclides which represent
such a hypothetical source.

For calibration of a set of multistandard sources,
three approaches are possible.

1. Calculation of detector efficiency on the basis of
the total-absovption peak. The method is based on the
dependence of the photoeffect and Compton scattering on
the Z of the detector and on the y-ray energy. Sources
calibrated in activity are used to determine those param-
eter values which best satisfy the experimental points.
An example of this approach is shown in Fig. 50.% Let
us consider the break in the theoretical curve in the re-
gion 200-600 keV. As a rule, authors who have studied
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TABLE X. y-ray energy standards.

[29] [32] {361 58] [57]
Nuclide

E , AE’ | AE E AE E AE E AE E AE* AE
108Cq 88.032 | 0.002| 0.002| 88.035 | 0.006| 88.037 | 0.005| 88.032 | 0.002 — — —_
153Gd 97.432 | 0.002| 0.003| 97.429 | 0.003| 97.432 | 0.003 - — 97.42920 | 0.00026 | 0.00168
183G4 103.181 | 0.002] 0.002( 103.179 | 0,004| 103.180 | 0.002 - — 103,17804{ 0.00021 | 0,00177
152Eu 121.782 | 0.002| 0.003| 121.780 | 0. 004 — — — — | 121.7793 | 0.0003 | 0.0021
57Co 122.060 | 0.001 | 0.002 — — 122.063 | 0.004 — = 122.05826 | 0.00012 | 0.0021
¥1Co 136.475 | 0.002] 0.004 - — 136.473 | 0.004 — — | 136,47089 | 0.00030 | 0.0023
139Ce 165.854 | 0.002| 0.003 — — 165.857 | 0.007| 165.853 | 0.007 — — -
160Th 215.641 | 0.002] 0.004 - - 215.641 | 0.004 i - = o P
12Ey 244.691 | 0.002| 0.005] 244.693 | 0.010 - — — — | 244.6927 | 0.0008 | 0.0042
203Hg 279.189 | 0.003| 0.006 279,190 | 0.009] 279.188 | 0.006| 279.190 | 0.006 - — —
160Th 298.571 | 0.003| 0.006 - - 298.572 | 0.006 - - —~ - -
182Ey 344.267 | 0.003] 0.007| 344.267 | 0.010 —_ o -— — 344.2724( 0.0017 | 0.0061
152Ey 367.768 | 0.014| 0.016 - - — = - - 367.779 | 0.00% 0.007
1135 391.688 | 0.003 | 0.007 == —_ 391.688 | 0.010 - — - — -
1826y 411.084 | 0.007{ 0.010 = - - - — - 411.107 | 0.007 | 0,010
152Ey 443.940 | 0 005 0.008 - - — — — - 443.979 | 0.006 0.010
20iBj 569.683 | 0.004| L.0LL — — 569.689 | 0.013 — — — — —
1MCs, 604.707 | 0.004| 0.012| 604.748 | 0.030 - b - - e - =
137Cs 661,648 | 0.004| 0.013| 661.633 | 0.012| 661.638 | 0.019 - - 661.6492 | 0.0052 |,0.012
L0mAg 763.936 | 0.007] 0.016 — — 763.928 | 0.019 — — — - —
152Ey 778.914 | 0.006| 0.015 — — — —_ — — 778.905 | 0.013 0.019
54Mn 834.858 | 0.006| 0.015 - e 834.827 | 0.021 — = — = -_—
88y 898.048 | 0.006| 0.019 — — 898.021 | 0.019 — — — - —
152Ey 964.070 | 0.006| 0.018 — — — — — — 964.007 0.035 0.039
WIBj 1063.660 | 0.006| 0.019 — — |1063.635 { 0.024 — — - — =
2Ey 1085,835 | 0.006| 0.019 — — — — — — 1085.793 | 0.034 0.039
Zn 1115.555 | 0.006 | 0.020 — — | 1115.548 | 0.025| 1115.39 | 0.10 - — -
8Co 1173.236 | 0,007 0.021|1173.263 | 0.040|1173.208 | 0.025| 1173.22 | 0.08 | 1173.210 | 0.006 0.021
22Na 1274.531 | 0.006 | 0.023 — — |1274.511 { 0.028 — — - 2 —
80Co 1332.485 | 0.007| 0.025|1332.524 | 0.046| 1332.464 | 0.028| 1332.52 | 0.10 | 1332.470 | 0.007 0.024
*Na 1368.615 | 0,007 | 0.025| 1368.558 | 0.044 | 1368.599 | 0.029 — — — — e
182Ey 1407.974 | 0.009| 0.026 — — —_ - — 555 1407.993 | 0.035 0.042
144Ce 1489.132 | 0.009| 0.027 — — | 1489.124 | 0.032 — — — - —
2078} 1770.253 | 0.009| 0.034 — — 1770.188 | 0.037 — — — = ==
88y 1836.074 | 0.008; 0.034 — - 1836.014 | 0.037 — — — —_ s
184Ce 2185.607 | 0.013] 0.041 — —_ 2185.608 | 0.046 — - — — —
56Co 2598.435 | 0.011] 0.047 — — ]2598.400 | 0.053 — - — — —
24Na 2753,989 | 0.015] 0.051| 2753.99 | 0.12 |2753.965 | 0.056 — - — — —
38Co 3253.414 | 0.016 | 0.060 —_ - 3253.341 | 0.065 - — =] — —_
3Co 3451173 | 0.029 | 0.070 - — | 3451.084 | 0.069 — — — — —_

the y-ray total-absorption mechanism do not report
the relative intensities of the y rays of multistandard
sources obtained under these conditions, which would
permit reproduction of the experimental efficiency
values obtained by them.

-
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FIG. 49. Difference of y-ray energy-standard values recom-
mended in the present work E(1) and in Ref. 36 E(2) (solid
circles). As the error we have given the value [(®(1) )?+ (& (2))
+ (8(2))%12, where the error & is the greater of o, and a,.
Also shown are the differences of the %Co y -ray energy values
measured by us and in Ref, 38 (hollow circles).
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2. Calculation of relative y-ray intensities by means
of conversion-electron relative intensities and known
multipolarities of transitions. For multistandard
sources this approach has not been used, but in some
particular problems it permits obtaining information
which cannot be obtained by other methods. For ex-
ample, in Ref. 41 the efficiency of a Ge(Li) detector in
the region 200-500 keV was determined by means of the
calculated y-ray intensities of 180my,. Here we must
not forget the uncertainties due both to the determina-
tion of the transition multipolarity and to the use of the
theoretical conversion-coefficient values.

3. Study of spectrometer efficiency by means of
activity-calibrated sources. At the present time this
method is the most direct and reliable method in the
study of spectrometer efficiency, since it involves use
of data on various sources. On the other hand, it is
exceptionally complicated and laborious, since measure-
ments must be made with allowance for all effects dis-
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TABLE XI. Energy of “*Co and *Na vy rays from various
studies,

. Present work Ref. 33

Nuclide

E AE E AE
o 1173.236 0.024 1173.226 0.040
L 1332.485 0.025 1332.483 0.046
2UNg 1368.615 0.025 1368.526 0.044
2Na 2753.989 0.056 2753.920 0.120

torting the uncorrected spectrum. In addition, the prob-
lem of obtaining complete sets of activity-calibrated
sources at the time of performing experiments is by no
means simple to organize, The relative intensities of

y rays of a complete set of multistandard sources have
been invest igated in Ref. 28. We give below the essence
of this method.

For investigation of the absolute efficiency of spectro-
meters, five different sets of standard spectrometric Y
sources (SSGS) were used: one, specially prepared, had
sources of activity 10° decays/sec; four, obtained from
the All-Union Isotope Combine, contained sources of
activity 10° decays/sec. Three sets, except for the
sources of ***Hg and '**Sn which they included, were
certified in activity with higher accuracy at the D. L.
Mendeleev Institute of Metrology. The thickness of the
polyethylene films between which the active layers of
the sources were placed was 11+ 3 mg/ecm?® The radio-
active sources, the error in measurement of their ac-
tivity AA, and the y-ray yield per 100 decays are listed
in Table V. We have also shown in that table the mini-
mal efficiency errors which can be obtained for various
values of AA. The values AA=1.5% refer to the stan-
dard set of SSGS for the 68% confidence level. The mea-
surements were made in various semiconductor detec-
tors. The experimental values for four spectrometers
and the results of their approximation are shown in
Fig. 51. Here we must note in particular the difficulties

associated with the choice of the region of approximation.

These difficulties are due mainly to the complicated pro-
cess of y-ray detection by Ge(Li) detectors in the region
from 100 to 600 keV, where strong competition occurs
between the photoeffect and multiple scattering in the
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of 0 10
Energy, MeV

FIG. 50, Efficiency of 60 cm? Ge(Li) detector on the basis of
the total-absorption peak: crosses—experimental points; 1—
theoretical curve; 2—photoeffect; 3—Compton effect; 4—mul-
tiple Compton effect; 5—pair production; 6—attenuation factor
for aluminum,
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FIG. 51. Experimental efficiency values for v spectrometers
based on total-absorption peaks and their approximation by a
polynomial (continuous curve). The region of the approxima-
tion is also indicated, 1—80 mm? X4 mm Si(Li) detector; 2—
1.3 em® Ge(Li) detector; 3—11 em® Ge(Li) detector; 4—37 cm®
Ge(Li) detector.

detector sensitive volume. The difficulties are further
aggravated by the fact that in this energy region there
are not a sufficient number of activity-calibrated
sources. The last remark refers also to the energy re-
gion 35-120 keV.

The search for possible systematic errors in the ex-
perimental technique is carried out by comparison of
the relative y-ray intensities of a number of nuclides
measured with different semiconductor detectors.
Three measurements were made for each source in
each detector. The data were analyzed according to the
following formulas:

Av[ %] = (AT (n)+ AT (m)] x [I (n)]"* > 100;
(2 w) ™2,

Here w; =(AI,)™® is the weight of the i-th measurement,
N —n is the number of measurements in all detectors,
N =m is the number of measurements in a given detec-
tor, and I(z) and I(m) are the relative intensities ob-
tained with all detectors and with only a given detector,

%] =11 () — I (m)] x [T (m)]* X 100;
} (40)

I(n)= X wld;/ X wy; AI(n)=

() x (11)- 1(2)), %

-4 1 L L L L - L J
[ s00 1009 1500 2000 Eg, keV

FIG. 52, Difference of relative-intensity values for each de-
tector I(2) and for all detectors I(1): @—37 em?® Ge(Li) detector;
v—11 Cm’Ge(Li) detector.
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respectively. The results of the calculation for two de-
tectors are illustrated in Fig. 52. As can be seen, the
maximum deviations reach (3+1)%. Assuming that the
distribution of deviations is uniform from 0 to 3%, we
can suggest (Ref. 32, page 154) that the systematic com-
ponent of the mean-square error is »=0.6 and vmex=1.8%.
In the quantity » we should include the dispersion in the
absolute activity. However, solution of the problem is
not simple. In contrast to the problem of energy mea-
surement, where the systematic part of the error o,
can be represented in the form of some function of
energy, here this cannot be done, since the different
sources have been calibrated with errors from 0.5 to
2.5%. Of course, we could introduce g8,, which charac-
terizes the error of the standard set of SSGS, 1.5%.
Here it is necessary to assume that g, and g, are inde-
pendent, which is not obvious. Exaggeration of the rela-
tive y-ray intensities is inconsistent with the approach
(see below) that these values are considered as an inter-
mediate step in the search for the true values.

The relative y-ray intensities obtained under these
conditions for the set of multistandard sources have
been published elsewhere.?® Comparison of our results
with those in the literature has shown that in the region
200-600 keV significant discrepancies are observed.
This fact has been the cause of extensive and, as far as
possible, universal analysis. The discrepancy can be
discussed best in the case of '*Eu, since the normaliza-
tion of the relative intensities is accomplished by means
of the 344-keV transition, which is located in the center
of the region of conflict.

First, we have analyzed the conditions of several ex-
periments on measurement of y-ray spectra by various
authors:

a) In Ref. 42 the spectrometer efficiency was deter-
mined by the Monte Carlo method, and the correctness
of the calculation was verified in a narrow energy re-
gion by means of the relative intensities of **Ba y rays.

b) In Ref. 33 the spectrometer efficiency was investi-
gated by means of IAEA sources. Let us consider three
facts: a small planar Ge(Li) detector was used; the ex-
perimental points were not fitted by an analytic expres-
sion; there are no transitions in the region 279-661 keV.

c) In Ref. 44 there is no detailed calibration of the
spectrometer.

d) In Ref. 59 the efficiency of the 45-cm® Ge(Li) de-
tector was investigated by means of NBS sources (**Cd,
57C0, 139Ce, 203Hg’ 11asn, sssr, 137CS’ GOCO, and “Y).
The experimental points were fitted by the expression

1/e=0.9023. £1.9625 4 6,0.10%E~2.5, (41)

Consequently for E> 200 keV on a doubly logarithmic
scale the relative efficiency is represented by a straight
line. This fact is inconsistent with the results of the
investigations in Ref. 31, These studies together char-
acterize the approach to spectrometer calibration. As
can be seen, there are no detailed studies of spectro-
meter efficiency in the region 200-600 keV.

Second, we have again analyzed the conditions of our
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FIG. 53. Efficiency of a 38 em®Gi(Li) detector investigated by
means of activity-calibrated sources of SSGS (circles); cros-
ses—efficiency values obtained from the results of Ref, 59; the
normalization was to the 122-keV transition ("Co, 1"*Eu); the
lines are the fitted values obtained by the following means: 1—
Ref, 29; 2—new SSGS sources; 3—Ref, 59; in the upper right
corner we have shown a portion of the region of diserepancy.

experiments.?® In principle, three assumptions are
possible for explanation of the discrepancy: the decay
schemes of 2®Hg and '**Sn (see Table V) are calculated
incorrectly; an error exists in the experiments; the
203Hg and '**Sn sources were incorrectly certified in
activity. At the present time we reject the first assump-
tion. The efficiency of the detectors was measured by
means of five different sources of 2°*Hg and '**Sn and the
results agree among themselves within +1.5 and +1.2%,
respectively. The absence of systematic errors in the
experiments is indicated by Fig. 52. Therefore special
attention was devoted to the third assumption. For this
purpose we carried out a new series of control measure-
ments by means of three new sets of SSGS (1977). It
turned out that the activities of the new set of sources
differ (are reduced) with respect to the old set by (9.6
+£2,7)% for ?°*Hg and by (8.3 +2.4)% for '*Sn. The re-
sults of repeated calibrations of the spectrometers are
shown in Fig. 53. For convenience we have shown in
that figure also the energy dependence of the 38-cm®
Ge(Li) detector with use of data from Refs. 29 and 59.
We note that error in certification of ***Hg will lead to
corrections of the data also in the region of about 80
keV. The y-ray relative intensities obtained under the
new conditions for the set of multistandard sources are
given in Table XII. The internal agreement of the data
from Table XII is illustrated by Fig. 44.

It is useful to make the following remarks regarding
the efficiency calibration of v spectrometers. Use of
computers for processing of the uncorrected spectra has
led to the result that the area of a peak can be deter-
mined with an error less than 1%. On the other hand,
the average of the errors in the relative intensities of
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TABLE XII, Energy and relative intensity of v rays of radioactive nuclides used for calibration of semiconductor v spectrometers

E AE I AT E EA I Ar E AE I Ar E AE I Al
gy 152.427| 0.003 | 49.114 | 0.366 118,191 | 0.003 | 4.867 | 0.140 160
19.017 | 0.010 | 33.054| o.gyg] 156380 00005 | 7.262 | 0.141 130.525 | 0.003 | 30.936 | 0.733 th
27147 | 0024 1581 | 0035 | 179-388| 0.003 | 8631 | 0.163 177.208 | 0.004 | 62.375 | 1.471 | 45.207| KX ) 20.536 | 0.420
51.354 X 72.448 | 1.730 198.349| 0.007 4.035 0.082 197.948 | 0.004 | 100.000 | 1.834 45.998 KX 36.063 | 0.717
52.380 KX 126.594 2'882 222.102| 0.008 20.767 0,416 240.305 0.027 0.414 0,085 92.1 RX 11.333 0.232
55.600 | 0.011 2.55 | 0.070 ] 220-316] 0.005 | 9.921 | 0.370 261.069 | 0.012 | 4.962 | 0.180 § 53.5 KX 2.962 | 0.077
59.3 KX | 40980 | 0910 264.089 0.005 | 9980 | 0.215 307.732 | 0.006 | 29.270 | 0.654 | 86.790 | 0.002 | 43.994 | 1.082
61.0 KX | 10.932 | .33 | _928.823| 0.046 | 1.625 | 0.055 i 197.026 | 0.003 | 16751 | .35
?2'£§ g-% 3-352 0.421 § 1001.705 | 0.019 5.794 | 0.148 ¥ §é3 g#i 3'%3 511322? g %3}
75900 | 0,002 | 13008 8'933 1113.547 | 0.124 2.228 | 0.215 30.625 | KX | 50.619] 1.240 | 309.562 | 0015 | 2.990 | 0.086
85508 | 0.011 | 2.252 | 0.054 | 1i21-2%0 | 0.020 | 100.000 | 1.90a 30.973 | KX | 109.340 | 20252 | 337.346 | 0.035 | 1.217 | 0.048
il -232 | 0.004 § 1457.493 | 0.030 2.837 | 0.13% o it | memlos daiaa ome | Soeh oo
109,284 | o008 | 62| 0.024 4 4480.034 [ 0.021 | 47.221 | 0.874 353 £x | “id03| oes I Fe5.305 | o03p | 6843 | 0154
oo §-207) 0.030 4 1221391 [ 0.022 | 77.336 [ 1.458 53.160 | 0.004 | 3573 | 0.ces | 879387 | 0.7 | 100.000 | 1853
630953 | 0041 | o0oes| o:0ir ] 1230088 | 0028 | 32:555 | 0619 79629 | 0.005 | 4.162 | 0.157 | 962.347 | 0.018 | 33.648 | 0.846
667.357 | 0.016 | 23.769 | 0.494 | 12,416 | 0.033 | 4,300 | 0.090 80.993 | 0.003 | 54.594 | 1.481 | 966.163 | 0.019 | 84.105 | 1.560
689.272 | 0.026 i g'i‘gg }%3'"5 i : ggé e 160.613 | 0.008 | "0.975 | 0.075 [1002.865 | 0.049 542 | 0.083
742,654 | 00026 | 2.443 | olos52 | 1209-419 | 0.024 | 3.8 ' 223.307 | 0.063 | 0.712 | 0.033 J1102:619 | 0.038 | 1.905 | 0.045
739.747 | 0.023 | 100.000 | {809 f 1342-856 [ 0.034 | 0.721) 0.020 276.397 [ 0.005 | 11.372 | 0.220 J1115.156 | 0.027 | 5.103 | 0.009
767.507 | 0.022 | 1.378 | olo7g | 1373-770 [ 0.045 | 0.631 0.036 302.850 | 0.008 | 28.847 | n.goo 1177.970 | 0.022 | 50.672 [ 0.951
780(315[‘; 0:025 9:168 ggég 1387.310 | 0.043 0.205| 0.028 356.005 | 0.007 100.006 1:868 1199.904 | 0.023 8.022 | 0.175
839.942 | 0.031 6365 | 0135 Wi 383.831 | 0.008 | 14.322 | o.302 J1271.896 | 0.024 | 25.380 | 0.604
853.033 | 0.025 | 5.282 | 0,139 e 1312174 | 0.026 | 9.702 | 0.190
263.743 ] 0.245 | 0.154| 0.037 20754
B ggg.sog g'égé fog'ggg ?g%‘ 2,805 | K 9.923 | 0.437
’ 77 .01 ! ) 72, ¥ |49 ;
j‘i‘ggé KX | 145.021 1 3.396 § s806.486 | 0.279 | 0.192 | 0.089 74,970 | &KX | 33.862 | 0.798
o ﬁl 208.015 | 6.012 | 977356 | 0.039 1.413 | 0.081 84.5 KX 11.642 | 0.408
P HK 63.842 | 1.702 § 4037.843 | 0.019 | 14.079 | 0.272 87.4 KX 3.501 | 0.100
ey ok 16.420 | 0.491 § 1940'662 | 0.272 0.272 | 0.070 569.683 | 0.01i | 100.000 | 1.83% 1000y
R0 |o@) Vi) b | b e ) SRR S| e oo om0
et 5 75.095 2 7 E ¢ T b ! fl . B
1081801 0-002 | 73.596 | 1.357 | 4198'952 | 0.228 | 0.033 | 0.019 1442.228 | 0.281 | '0.090 | olofo | 201308 | ol013 | 0362 | 001
! 9 0.128 | 0.080 § 1238.271 | 0.023 | 68.162 | 1.362 1770.253 | 0.034 7.221 | 0.447 f| 205781 | 0.005 | 3.717 | 0.081
182 1335.220 | 0.325 | 0.308 | 0.075 283.178 | 0.056 | 0.236 | 0.010
AL 1360.200 | 0.024 45.42% | 0.096 135¢s 295.946 [ 0.005 | 33.821 | 0.648
| B o | 2a | ek | oo | Sae| 05k 475.35 | 0.011 | 155t 0.0 | 16495 | 0.008 | 100000 | Lt
. H T11.347 2.797 79, . 04 -4da B .
42,308 | KX 0.794 | 0.023 § 1810.768 | 0.037 0.507 | 0.043 563.231 | 0.011 8.758 | 0.173 § 374.468 | 0.022 | 0.885 | 0.018
4299 | KX 1.444 1 0.042 | 1963.760 | 0.038 0.708 | 0.026 560.322 [ 0.012 | 15.953 | 0.202 | 416.454 | 0.014 | 0.755 | 0.018
45.3 KX | 40.410 | 0.846 | 2015.196 | 0.040 3.049 | 0.081 604.707 | 0.012 | 100.000 | 1:835 | 468.056 ( 0.000 | 56.455 | 1.482
46.6 KX | 10.04% | 0.233 f 2035.772 | 0,037 8.058 | 0,165 795.856 | 0.016 | 87.415 | 1.822 | 484.559 | 0.017 | 3.741 | 0,097
48.6 KX 0.465 | 0.012 | 2113.154 | 0.048 | 0.386 | 0.035 801.957 | 0.016 | 8.303 | 0.18%
ol | oas |onds| MRl Eaan 0 | JaplGne fiaroi | oofs | 10| 6.0
T i 2.476 524466 0. 2 .04 i 5 1% ¥
2598.435 | 0.047 17.082 | 0.490 1365.177 | 0.024 3.212 | 0.066 489.069 | 0.029 0.493 | 0.014
244.691| 0.005 | 25.839 | 0.522 | 3009.587 | 0.059 1.124 | 0.100 588.572 | 0.012 | 5.152 | 0.147
295.963| 0.031 | 1.556 | 0.038 j§ 3201.987 | 0.060 | 2:946 | 0.113 1130y 604.39% [ 0.012 | 9.506 [ 0.309
gégzg;; g.go, 9g.5§s 506t ggaga% 88:“;2 ;253 g(’\éﬁ 51.386 | EX | 1on.e0| 4720 | Seacay| 013 | 8.1e7] 0.223
T .016 47 0.061 73. .08 o $ ’ 1.84 37 884.524 | 0.044 0.333| 0.030
411.084| 0.010 | 7.886 | 0.175 || 3451.173 | 0.070 | 0.800 | 0.031 52.389 | KX |331.502 | 7.557 l1061.439 | 0.350 | 0.091| 0 004
2;39;% gggg 1?.953 0.268 3547.961 0.083 0.181 0.013 g?g £§ lgﬁ.gg? %égg
ol | 42 0.056 + 3 Yic 0.
misl e | G| b e AR
. .02 -597 : ) ] 13.225 | 0.287 : . 23. 5
688.655| 0.040 | 2.945 | 0.087 1%;}2 8% 100,000 | 2554 171.402 | 0.004 | 13.83 [ 0.379
719.406 [ 0-035 1.138 | 0.045 896.492 | 0.013 11.431 | 0.295 179.363 | 0.004 6.362 [ 0.177
g it i S o) s oo wna
Fee CEs 3 1489.132 | 0.027 2,376 | 0.084 = ] b o & :
1005.235| 0.034 | ‘3348 | o:tes | 2es-007 | o0kt | 6log2 | olues 255,00 | 0.008 | 5.908 | oo | 242008 | 0:000 | um:od3| 9388
1085.835| 0.019 | 34.809 | 0.965 334.316 | 0.012 0.538 | 0.031 | 295.216 | 0.008 | 41.832 | 0.840
1089.726 | 0.034 5.730 0.157 158¢ 350,750 | 0.008 1.603 | 0.033 351.902 | 0.009 82.654 | 1.639
1112.065| 0.022 | 46.646 | 1.228 456.760 | 0.015 0.725 | 0.026 | 609.304 | 0.012 | 100.000 | 2.008
1212.895| 0.023 | 4.856 | 0160 g3.050 | 0.003 | 1.8091 0.088 557.485 | 0.019 20634 | 0.105 [ 665.461 | 0.0i7 | 3.316 | 0.073
1299.108| 0.026 | 5.649 | 0.467 0 95734 | 0003 | 5.680 | 0 249 636.129 | 0.013 7.286 | 0.485 f| 768.377 | 0.021 | 10.710 | 0.228
1407.974( 0.026 | 72.366 | 1.878 121 417 | 0.003 | 29.037 | 0.034 —
{gggﬁgg 0-048 | 1.739 | 0.088 4 435.000 | 0.003 | 99052 | 1.895 g
1 104 | 1.069 | 0.027§ 1937603 | 0.005 | 2.367 | 0.08 446.802 | 0.011 4.149 | 0.090
182Ta 264.652 | 0.005 | 100.000 | 1.846 620,353 | 0.014 2.811 | 0.143 § 934.066 | 0.019 6.71y | 0.130
£ 279.535 | 0.006 | 42.631 | 0.876 657.744 | 0.013 | 100.000 | 1.832 f§ 1120.317 | 0.023 | 32.917 | 0.634
25.7.?‘; g.gg} 3.§gg 8.3@ ﬁ.m 0.010 23.252 g.ogg 677.643 | 0.014 | 11.286 | 0.212 }éggiiﬂéli gg:g a.ﬁgs 0.123
. . P A 646 0.008 .T6 il A5 .02 12.961 0.272
57.983| KX | 26.473 | 0.908 687.001 | 0,014 6.844 | 0.146 § 1281.055 | 0.03L | 3.185 | 0.099
59.320| KX | 44.281 | 1.112 s 706.672 | 0.014 | 47.502 | 0.387 § 1377.713 | 0.035 | 8.975 | 0.188
65.722| 0.001 7.906 | 0.186 169Yb 744.271 | 0.015 4.852 | 0.174 | 1401.571 | 0.038 2.995 | 0.103
67.2 EX | 12.080 | 0.38 763.936 | 0.015 | 23.519 [ 0.522 | 1408.027 | 0.029 | 5334 | 0,119
67.750| 0.001 |148.835 | 3.068f 49.772| KX | 137.806 | 2.978 818.028 | 0.015 7.714 | 0.179 | 1509.284 | 0.031 | 4.743 | 0.095
69.1 EX 3.188 | 0.160f 50.742 | KX | 239.165| 5.629 884.695 | 0.016 | 77.066 | 1.574 | 1720.630 | 0.036 | 6.436 | 0.145
84.681| 0.003 | 6.757 | 0.134f§ 57.5 KX | 76.425 | 1.757 937.507 | 0.047 | 36.441 | 0.726 | 1764.542 | 0.038 | 34.850 | 0.676
100.105| 0.002 | 37.006 | 0.719 9.0 KX | 20.193 | 0.597 1384.279 | 0.026 | 26.668 | 0.513 | 1847.459 | 0.039 | “4.613 | 0.09
110,406 0.014 | 0.279 | o.022f| 63.118 | 0.001 | 113582 | 2.936 1475.778 | 0.026 4.372 | 0.086 f| 2118.525 | 0.055 | 2.639 | 0.074
113.672) 0.008 | 4.949 | 0.135 93.643 | 0.005 | 6.811 | 0.22 1505.028 | 0.028 | 14.372 | 0.282 | 2204.083 | 0.045 | 11.033 | 0.233
146.413| 0.003 | 1.477 | 0.043 0 109.78% | 0.003 | 45.820 | 1.604 1562.303 | 0.029 1.296 | 0.025 [ 2447.653 | 0.048 | 3,418 | 0.083

y rays from calibrated sources can be less than 1% (see,  the relative intensities of ¥ rays from calibrated

for example, Ref. 55). However, if these results are sources under these conditions. Since the problem is
used for spectrometer calibration, we observe a sig- solved in a single group and with the same sources,
nificant discrepancy in the relative-efficiency values de- these conditions can be called fundamental. Of course,
termined by means of different sources. This is the these data may have a systematic error, but as a whole
main reason why the relative y-ray intensities given by they have a high internal consistency and this fact can
different authors have a significant spread. Therefore be used subsequently in the search for such errors. In
a reasonable step is to solve the inverse problem, i.e., view of a number of circumstances (see above), the ex-
to investigate the efficiency of a set of spectrometers isting SSGS are insufficient for complete solution of the
by means of activity-certified sources and to measure problem of spectrometer calibration, and only invoca-
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FIG. 54. Correction coefficient for relative intensities of y
rays measured on the basis of Ref. 29 for C,=6.59148, C
=-11.36451, C;=17.02892, C;=—1.84600, and C;=0. 174 64.

tion of different physical criteria (intensity balance, in-
ternal-conversion electrons, and so forth) can assist
achievement of relative-intensity errors less than 2%.
In addition, the data obtained in this fundamental basis
satisfy the most important requirement on the physical
results: recalculation of the data for a change of the
standards relative to which the comparative measure-
ments were carried out. For example, the correction
of our data can be carried out according to the follow-
ing formulas:

k(E) = (E)— L. (EN L (BN
or

k(E) == (L) e (1),

where I, is the basis of the data of Table XII and I, is
the basxs of the new, improved data. The values of k(E)
are approximated by a polynomial—this is the correc-
tion coefficient. In particular, E(E) for the basis of Ref.
29 in the region 200-660 keV is shown in Fig. 54.

(42)

The results of various experiments on measurement
of the relative intensities of **Eu y rays are compared
in Table XIII. We note that the intensities of the conver-
sion electrons of certain transitions in the 200-400 keV
region measured by means of the relative intensities of
y rays (the XPG method) agree with the theoretical
values for the assumed multipolarities:

,(268 keV ~ '*Ba) =3.839 0,099 (theory M4:3.867);
@,(276 keV — '**Ba) =3.393 £ 0.099 (theory M4:3.392);
a,(344 keV —

This fact can be considered as a confirmation of the
basis of the relative y-ray intensities (see Table XII).

TABLE XIII, Relative intensities of *Eu y rays.

161 [59] [36] (42} 1431

E

T Al I AT 1 Al I AT I Ar
121.8/103.6 | 2.6 [104.9 | 3.3 [102.2 | 5.4 [103.7 | 3.1 [105.0 | 2.1
244,71 26.77] 0,54 | 29.01| 0.86 | 28.5 | 1.3 | 27.94| 0.80 | 27.8 | 0.6
206.0| 1.61] 0.04 | — — 1.7110.20| — EE e
344,3(100.00] 1.85 | 100 — |100.0 | 4.6 [100 — 100 -
367.8| 3.26[0.06| 3.75(0.38 | 3.37|0.27 | — = 1= -
41.1| 8.17| 048] 8.67|0.34| 8.60]0.04| 7.92[0.27 | 7.96| 0.16
443.9| 11.35]| 0.28 | 11.62| 0.63 | 11.65] 0.51 | 11.75( 0.32 | 10.9 | 0.2
778.9| 45.6 | 1.2 | 47.14| 0.62 [ 49.0 | 2.0 | 488 | 1.1 | 47.4 | 0.9
867.4| 14.69) 0.36 | 16.39] 0.84 | 15.83]| 0.72 | 15.67| 0.38 | — -
964.1| 51.2 | 1.4 54,33| 0.75 | 54.65| 0.23 | 54.53| 1.45 [ 36.3 | 1.1
1085.8| 35.9 | 1.0 38.53| 0.77 | 39.68| 1.74 46.95| 1.10 39.6 | 0.8
1089.7| 5.94|0.16 | .71 R e Rt e 6.42| 0.13
1112.1| 48.3 | 1.3 | 50.81) 0.41 | 50.821 2.25 | 51.28] 1.40 | 50.9 | 1.0
1212.9| 5.03| 0.17 | 5.67|0.21 | 5.87(0.33 | — e — -
1299.1| 5.85| 0.7 | 6.37|0.39 | 6.28]10.36 | — — — —
1407.9| 75.0 | 2.0 | 79.12| 1.15 | 79.78| 3.47 | 80.78( 2.10 | 80 1.6
560 Sov. J. Part. Nucl. 9(6), Nov.-Dec. 1978

152E) =0,0310 £ 0.0014 (theory E2:0.0312).

6. SPECTROMETRY OF INTERNAL-CONVERSION
ELECTRONS

The basic problem of y spectroscopy reduces to mea-
surement of the energies and relative intensities of nu-
clear transitions with the best possible accuracy. Then,
on the basis of these results, various versions of decay
schemes are constructed (frequently with use of data on
coincidences) and the excitation energies of the states
are determined. However, the problem of internal-con-
version electron spectroscopy reduces mainly to deter-
mination of the multipolarities of transitions and, con-
sequently, possible quantum numbers (I") of the excited
states. The data on conversion coefficients also permit
verification of the correctness of a proposed decay
scheme on the basis of the intensity balance of electro-
magnetic transitions.

Measurement technigque for conversion coefficients of
individual transitions

By definition the internal-conversion coefficient in
the i shell is

@ =11, (43)

where I; and I are the numbers of i-electrons and y rays,
respectively, emitted in the complete solid angles per
unit time. It is obvious that we can construct relations
of the type

afog=1I; 1. (44)

Comparing the experimental values of «; and o,/a; with
theoretical calculations, the multipolarity of the transi-
tion is determined.

1. Absolute measurvements. Assume the existence of
B and y spectrometers whose efficiency under conditions
of fixed solid angle has been measured by means of
activity-calibrated sources. Substituting the experi-
mental values into Eq. (43), we obtain «; (the AEG
method?). On the assumption of independence of the
components, the error in o in the v-th measurement is

Aty =4 0y [( AS“, ) o ( ASy ) ]1!'.' : (45)

where S;, and S, are the numbers of pulses of i-elec-
trons and y rays; AS;, and AS, are the corresponding
errors. In single measurements there can be systematic
errors due to adjustment of the source, allowance for
half-life, and inclusion of counting losses. Therefore
the measurements are carried out with different detec-
tors, spectrometer circuits, and analyzers, in which
case

n
=3 \ 'livﬂv, vu\,, l } (46)
/2

Aa; = {(Aa‘)2+(a )2 rr(u. 7%}

Here  and 7 are the errors in determination of the ab-
solute efficiency of the y and 38 spectrometers; Aaf is
the greater of the errors in o, and a, of Eq. (30); w,
=1/(Aa;,)* (Fig. 55). The absolute efficiency of the 8
spectrometer was determined by means of a, for the
661.7-keV transition of **'Cs.

The systematic errors mentioned above can be avoided
if a single semiconductor detector is used for detection
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FIG. 55. Portions of spectra of the radiations of 2"Bi mea-
sured by Si(Li) and Ge(Li, Au) detectors under conditions of
fixed solid angle, P=5 cm. Values obtained in the present ex-
periments are given.

of both the g and y radiation (see Fig. 55). This method
is the complete (and more accurate) analog of the inter-
nal-external conversion (IEC) method.*

2. Comparative measurements. This method is simi-
lar to that discussed above, but here it is sufficient to
investigate beforehand only the relative efficiencies of
the g and y spectrometers. The standard source and
the source being investigated are measured together
(the NPG method®"):

Iiy Iy 47
aa Isti!w ;v P ¥ ( )
The errors are calculated by means of the following
formulas:
Aoy =1ty {(—\Slv ‘Si\')z +(AS stiv § st W)+ (AS,,,’S\.)Q
NS R A (48)

Noty = {Aat) L ()2 4 (m)* - (Ao, )32,

Here % and n characterize the error in the relative ef-
ficiencies of the spectrometers (Fig. 56). The standard
source used was *'Cs.

3. Relative measurements. The energy resolution of
semiconductor B spectrometers and the use of compu-
ters for processing of spectral lines permit separation
of the K and L conversion lines for Z> 10, of the L and
M lines for Z> 35, of the M and N lines for Z>60, and
of the L, and L, lines for Z>170. On the assumption of
independence of the errors, the error of a signal mea-
surement of I,/I, is

AT = () [(AS; S+ (AS/S)3) A (49)

Here i, j=K, L,, L,,M,N,etc.; S, and S, are the numbers
of i- and j-electrons detected; I =5/¢ is the intensity of
i- and j-electrons; & is the corresponding detection ef-
ficiency. The results of repeated measurements are
analyzed by means of formulas similar to Eq. (46) (o,
=(I,/1;),; »=0). Then the quantity n characterizes the
limiting error in determination of the relative intensity
in the region ¢ — j. We recall that the effects of addition
of x rays with i- and j-electrons can lead to substantial
distortions of the ratios I,/1,.

In Table XIV we have listed the relative intensities of
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FIG. 56. Portions of spectra of the radiations of 2'"Bi and *'Cs
measured by means of Si(Li), Ge(Li), and Ge(Li, Au) detec-
tors.

conversion electrons obtained by means of Si(Li) and
Ge(Li, Au) detectors. For comparison we have also
shown in the same table the results of theoretical calcu-
lations for the accepted multipolarities.

4. Measurements of the vatiosI_/I. For §~ decay and
also when there are isometric states, vacancies arise
in the shells of a nuclide only as the result of the inter-
nal-conversion process. Consequently, by measuring
the number of ¥ rays and the number of vacancies in the
corresponding shell per unit time, it is easy to deter-
mine the conversion coefficients for a decay scheme with
one transition (the XPG method?®®):

Chiy = Ix‘-\- (@il );

Aotiy = iy (AL o L o) (ALY, ¢

where I,‘i is the intensity of x; x rays, w, is the fluores-
cence yield in the ¢ shell, I is the y-ray intensity, and
v is the number of the measurement. The results of
repeated measurements are processes in accordance
with the equations (46), and in this case the error in
measurements of w, is used as 7.

This approach is easily extended to more complex
decay schemes where the relative intensities of i-elec-
trons can be measured with high accuracy. This applies
mainly to the case i=F.

The spectrum of "™Lu y rays and the values of o, ob=-
tained in this experiment are given in Fig. 57.

Measurement technique for internai-conversion coefficients
of a group of transitions

The technique for measurement of the energy and
relative intensities of monoenergetic transitions by
means of semiconductor detectors has been described
above. We shall make only a few remarks regarding
conversion coefficients.

1. The technique developed does not assume preci-
sion measurements of the nuclear transition energies
and is used only for identification of spectral lines and
determination of their intensities.

2. To investigate the nonlinearity of a spectrometer
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TABLE XIV. Relative intensities of internal-conversion electrons and comparison with

- caleculations (Ref. 48) for accepted multipolarities.

Nuclide E oL Ty Al Trae |Mppa| Tig Alys Ty, Iyp | Aly | In | ALy

162Fy 121.8 | E2 | 100.000 | 2.146 — — — = 61.718 | 0.770 | 13.887 | 0.257|3.039| 0.162
100,000 32.164 22.076 54.240 12.281

11Ce 145.4 | M1 | 100.000 |1.427 - - - - 14.210 | 0.150 | 2.838 | 0.071|0.794| 0.041
100.000 13.402 0.185 13.587 2.861

139Ce 165.9 | M1 | 100.000 |1.479 — = — - 14.082 | 0.131 | 2.921 [0.055(0.739 0.035
100.000 13,244 0.18% 13.428 2.778

167Tm | 207.8 | E3 | 100,000 |2.583] 84.751 |5.309) 63.271 [4.8706] 148.022 | 10.185 [38.760 |1.812[8.725| 1.854
100.000 97.297 48 857 146154 36.071

2078} 569.7 E2 22.082 [0.246| 5.692 10.257| 0.798 |0.098 6.490 | 0.355 | 1.387 |0.075)|0.486 | 0.053
22,082 5.347 0.750 6.097

137Cs 661.7 | M4 | 100.000 | 1.696 = = — s 18.293 | 0.084 — - — —
100.0600 16.173 1.639 17.814

208 {1063.7 | M4 | 100.000 | 1.025] 24.599 [0.665| 1.400 [0.136| 25,999 | 0.801 | 6.889 |0.446]1.786| 0.071
100.000 24.021 1.804 25.825

one can use the values of E;; =E; - ¢;, where E; is the
v ray energy and g, is the binding energy of the electron
in the i shell of the nuclide.*

3. It is assumed that for normal incidence of B parti-
cles the backscattering and charge-collection efficiency
do not depend on the energy. Obviously, for spectro-
meters which permit oblique incidence of g particles it
is necessary to use a method of investigating efficiency
similar to that used in y spectroscopy.

4, Energy calibration of internal-conversion electron
spectra is accomplished by means of the previously used
y-ray energies. Only in rare cases (for example, a
nuclide with a small number of intense transitions) does
the need arise for admixture of sources with simple
spectra or use of external calibration techniques.

Construction of a set of conversion-coefficient standards

As primary conversion-coefficient standards we take®

@ (661.648keV —137Cs) = 0.0905 £ 0.0010. (5 1)
70" 1
i P u-3.68 hr
1
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FIG. 57. Spectrum of y rays of ®"Lu measured by a 200 mm’
%5 mm Ge(Li) detector, The value o,=1.1468 +0.0051 was ob-
tained in this experiment. T,=3 hours, T,=2 hours, P=6 cm,
no absorber,
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The choice of this standard was made for the following
reasons.

1, It is considered that the multipolarity of the 661.7-
keV transition is pure M4; in this case it is easy to
compare the theoretical and experimental values.

2. The nuclide 'Cs undergoes 8~ decay, and here
only one transition is observed. Consequently o, can
be determined by the methods of v spectroscopy alone
(XPG).

3. The 661,7-keV transition is in the energy region
where the detector entrance window does not substantial-
ly scatter or absorb g particles, and for sufficiently
thick detectors (=3 mm) the efficiency does not depend
on energy.

4, The nuclide **Cs has a long half-life (30.18 years)
and sources of high specific activity can be obtained in
reactors. This greatly facilitates the problem of pre-
paring high-quality 3 sources. In addition, the high
efficiency of separation in electromagnetic mass sepa-
rators permits preparation of thin sources without a
carrier.

5. The SSGS set includes a '*’Cs source. This per-
mits calibration of the prepared g sources in activity by
comparison of y-ray intensities.

6. The decay of “*'Cs has been studied on many oc-
casions and in practically all types of p spectrometers.

7. In the approach described above, any changes of
the relative intensities of the calibration sources and
@, =661.7 keV in the future are easily taken into account
without reperforming the experiment.

The experimental values obtained for a, are given in
Table XV, and we shall consider them secondary stan-
dards. We have also given in that table the number of
experiments and the results of various methods. For
each method we have indicated the systematic error,
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TABLE XV, Experimental values of conversion coefficients obtained by various methods.

Nuclide E (AE) I(n
Ty Ey Ig (Alp) Op g'; t | dog e lRem;:s— of otl::lr met':(;ds e
11emLy, 88.367 (3) | 100.000 (1830) |1.161 [0.004 [0.018(0.019 | 5 | XPG |1.161 |0.004 |0.003 |0.018 |0 019
3.68 hours 23.016 -

2Ry, 121.782 (3) | 100.000 (2476) [0.636 [0.007 (0.02310.016 | 7 | AEG|0.638 /0.009 [0.003 |0.023 0.017
13.2 years T4 947 100.000 (2146) 0.002 5 | NPG|0.635 [0.010 [0.003 |0.023[0.018
100, 180.525 (3) | 30.936 (733) [0.499 0.012 [0.023]0.017 | 2 | AEG [0.506 [0.014 [0.006 | 0.023 |0.018
30.6 days 71.135 44.525 (839) 0.010 1 | NPG[0.483 [0.022 | — |0.023[0.0925
141G, 145.443 (3) | 100.000 (1827) [0.365 [0.004 [0.023[0.014 | 5 | AEG[1.366 [0.007 0.004 |0.023[0.011
32.51 days | 103.452 100.000 (1179) 0.007 3 | NPG{0.350 [0.008 [0.008 |0.025 [0.011
5 | XPG [0.374 [0.007 [0.097 |0.032 |0.012

1904, 149.783 (6) | 100.000 (1827) [0.459 [0.010 |0.023[0.015 | 2 | AEG|1.438 [0.014 10.000 [0.023]0.018
9.5 days 101.214 100.000 (3393) 0.001 2 | NPG|0.460 [0.013 [0.008 [0.023]0.017
131G4, 153.605 (4) | 100.000 (1829) [0.426 0.008 [0.023(0.013| 2 | AEG |.428 [0.010 |0.003 |0.023 |0.014
120 days 105.086 51.307 (686) 1.003 1 | NPG0.422 [0.013 | — |0.023(0.016
139Ce, 165.834 (3) | 100.000 (1827) [0.226 [0.00% |0.023[0.007 | 4 | AEG0.228 [0.005 |0.004 |0.023 |0.007
137.5 days 126.929 100.000 (1179) 0.003 3 | NPG[0.222 [0.007 [0.095 | 0,023 |n.009
173Ly, 174.402 (4) | 13.83% (379) [0.0657/0.0013[0.0230.020 | 2 | AEG [0.0662/0.0016/0.00120.023 |1.noga
1.37 years 110.070 30.488 (1008) 0.0013 3 | NPG [0.0634/0.002310.0009| 0.023 |0 0027
t | IEC |0.0703[0.0042] — |0.032[0.0048

1G4, 174.607 (4) | 47.342 (970) [1.731 [0.014 [0.023[0.043 | 2 | AEG|1 722 0.016 [0.010 | 0.023]0.043
120 days 126.178 100.000 (1348) 0.015 1 | NPG|L.754 [0.025 | — [0.023]0.048
133y, 179.363 (4) 6.362 (177) [0.244 [0.004 |0.023/0.006 | 2 | AEG[0.214 0.005 |0.003 |0.023 0,007
1.37 years 118.031 62.952 (1551) 0.004 3 | NPG[0.210 {0.008 [0.004 | 0.023]0.009
1 | IEC [0.229 j0.013 | — [0.032[0.015

132y, 181.530 (4) | 32.801 (1182) [0.210 [0.006 [0.028(0.008 | 2 | AEG |0.211 [0.066 Jo.001 |0.023l0.008
6.7 days 120.198 100.000 (2608) 0.002 1 | NPG|0.206 {0,003 | — [0.0230.014
1607, 197.948 (4) | 100.000 (1834) [1.355 [0.007 [0 023]0.011 | 2 | AEG |0.352 [0.008 Jo.001 |0.023 [o.011
30.7 days 138.558 100.000 (1631) 0.007 1 | NPG|0.369 [0.016 | — [0.023|0.018
186Th, 199.216 (3) | 61.220 (1126) [u.155 [0.006 |0.023/0.008 | 2 | AEG[0.154 [0.007 [0.006 |0.023 |0.008
5.35 days 148.977 100.000 (2506) 0. 002 t | NPG o157 0.3 | — |o.023)0.014
1Ly, 203.436 (4) 7.626 (378) [0.150 [0.004 |0.023/0.005 | 2 | AEG[0.149 [0.004 [o.000 |0.023 0.005
6.7 days 142, 104 17.049 (531) 0,002 { | NPG|0.154 o.010 | — |o.023/0.011
169, 207.797 (3) | 100.000 (1824) [0.479 [0.010 |0.023/0.015 | 2 | AEG [0.481 [0.016 |0.003 |0.02310.019
9.25 days 150.311 100.000 (2583) 0. 002 3 | NPG [0.478 [0.013 [0.007 |0.023[0.017
131G4, 243.293 (14) | 89.836 (1836) [0.0202[0.0004| 0.023 |0.0006] 2 | AEG |0.0204]0.0003)0.0007] 0.023 [0.0008
120 days 194.774 2.196 (28) 0. 0003 1 NPG [0.0197/0.0008] — 0.023 |0.0010
132Ey, 244.601 (5) | 25.839 (522) [0.0846[0.0014[0.023[0.0020] 3 | AEG Jo.086a]0.00220.0006] 0.023 [n.0028
13.2 years 197.856 3.424 (42) 1.0023 5 | NPG [0.0827|0.0020/0.0008] 0.023 [0.0027
1 | IEC [0.0835[0.0074] — {0.032[0.0070

156Th, 262.587 (13) | 9.105 (171) |0.07500.0027|0.023[n.0030f 2 | AEG In.6771]0.c026)0.0025] 0.023 0. 0031
5.35 days 212.348 7.010 (130) 00006 1 | NPG[0.073400.0056] — |0.023]0.0059
1527, 271.085 (14) | 14.776 (279) [0.0620/0.0018|0.023 0.0030] 2 | AEG [0.0614]0.0022[0.0016| 0.023 100028
17.5 hours 220.774 29.966 (350) 0.0011 1 | NPG[0.0636/0.0034] — |0.023 [0.0037
1Ly, 272,141 (5) | 100.000 (1886) [0.0210f0.0004| 0 023 10.0007] 2 | AEG [0.0208(0.0005/0.0001| 0.032 |.0008
1.87 years 210.779 100.000 (1286) 0.0 1 | NPG [0.0215{0.0010] — |0.023 [0.0011
gy, 277, 081 (5) | 83.534 (1975) |0.0808/0.0014/0.02310.0023] 2 | AEG |0.08000.0021|0.0021] 0.023 |0.0027
gaﬁhdm %:9 189 (6) }%3838 ﬁggé.i 0.166 p:g(c;gs 0.03[0.006 | 3 :Eg 8fl|}gé53'9n0£03 518058 3;883‘
AL ST A RIR. S .G g 5 | TEC [0:152 [0-0% fo-o0r |0-088 [o.01s
149Gd, 208.647 () | 59.080 (1176) [0.07230.0011/0.0230.0020( 2 i\gg 0. g'%gg %gq &E‘g? 0.023 g&gé
Ry e e | i b. 04438 83(1’.5 0.023[0.0017 2 | AEG [0.04500.0016{0.0012| 0.023 |0-0010
30.7 t‘lays 248.931 3.729 (72) 2 | NPG |0.0437/0.00240.0002( 0.023 [0.0026
181Gd 307.500 (9) | 17.417 (34%) |o. Oh(]aﬁ 0015 0.023[0.00200 2 | AEG [0.0592/0.0020/0.0003(0.023 |0.0025
120 days 258.981 1.341 (39) _ |u.0014 1 | NPG [0.0619/0.0021] — |0.023 [0.0026
140Ey, 327.527 (6) 100 000 (1982) [o. 051400:0008] 0.023 [0.0015] 2 AEG {0,0521(0.0012/0.0002{ 0.023 [0.0017
93.1 days 280.692 0.766 (2547) 0,000 2 | NEG [0.0504/0.0015(0.0015| 0-023 [0.0019
12y, 354,087 (1) | 96.528 (1784) [0.03130. OUO:) 0.023(0.0008 3 | AEG|(0.0317[0.0007/0.0003{0.023 0.0010
13.2 years 204028 4.729 (39) 0000 ? %\EP(? 33%528%6 0.0002 gggg 3.%(2]
2 7 i 0011 4 | AEG [0.0308[0.0008]0.0002| 0.023 |0.0011
;;-.Ebﬂours 304 05 100:000 E%ﬁﬁ;’” Oum?m%g Aagy 00‘1 i | NPcjo.030g0.0017) — 0.023 0.0018
s ™ |t e iy bslodsbon| 3| C 4 bk gt
Rioppars 396,451 (11) | 20:810 (388)’ 0.0277:0009(0.028 0.0011] 2 | AEG 0:02780-0011}0-0011] 0028 [0-0013
5.35 days 306.192 5.001 (119) 00002 ol 1:EP€(:} g.ggégg‘%_;o - g.ggg g.%g
g ol 'm"’g? Eég;m Umasn'%ﬁ% i ol 1 | NPG [0 00330 0008 — |a-023 |0:0005
31335 days ggé gss () mgf?m (1834) [0.0161/0.00020.023[0.0005{ 7 | AEG [0.0158]0-000310.0003| 0.023 [0.0005
n | B |06 G B A e
. - 3 125 4] o B a 7
S| o g e bosp el ngie 2. G 08 S

including the error in o, of the primary standard (661.7 spective of the dependence on the number of experi-

keV - "*"Cs), which is 1,1%. In obtaining the final re- ments carried out. We then used as ¢ the best of the
sults, each method is used with its own weight [the systematic errors used by the method. For determina-
error is the greater of &, , =Aa}—see Eq. (46)] irre- tion of «, for each transition we used at least two differ-
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TABLE XVI. Relative intensity of internal-conversion elec- ent radioactive sources.
trons of radioactive nuclides proposed for 8 spectrometer

calibration. \h{e make several remarks on the details of the ex-
periments: X
a a8 < i Te Ale % 1. All radioactive sources were obtained by means of
1G4, 9.5 days electromagnetic mass separation, except for **'Bi,
149.733 | 0.008 | 100.000 | 1.827 | 100.000 | 3.394 | K 101.214 i i ion.
15220 | 04 L 122 which was prepared by evaporation of a solutio
169 | 0. 7.9 . . g
RS SN W, B 2‘29& g-ggg e 2. Special attention was devoted to correct inclusion
: 0.01 : ; ; : : ; :
: 0.202 | 0.014 L 2648 of effects related to radioactive decay.
208.607| 0.009 | 50.080 | 147 | 0.217 0240 | X 250.088 -
246.660 | 0.000 | 49.781| 1.188 | 200070 | 1.006 | K 298141 3. Six dlffejrent sources of *'Cs were used as staxf-
Dol o | LR dards. Only in one case did we observe a deterioration
;‘;g-ggg gg}g gggg ! g-'—i'fiig 8';’8% g-g(i)g E zfég ggg of the source quality due to absorption and scattering of
1590 gg}g 1%:'{'12 gﬁ;ﬁ g(zg.; g'.g(i)g § 3333%? B particles in a contaminated surface. Each source was
748 : ; : ; : ,
gsag Eisg; g gég 1;&.176 8 %13 8 égg g.%; § gég.ass monitored by measurement of @, on the scale of another
: g 21 | 0. : : 814 : ;
938.501 | 0.022 4.7114 | 0.447 0.032 | 0.003 K 890.072 source. We give an example:
947.840 | 0.038 1.814 | 0.036 | 0.008| 0.001 K 899.321 i A
: =+ 0.0040;
1*1Gd, 120 days e, (661.7 ke V—197Cs) = J 0.0896 -+ 0.0028; (52)
106.566 | 0.004 | 4.421| 0.046 | 1.887| 0.046 | K 58.047 0.0879 + 0.0042
153,605 | 0.004 | 100.000 | 1.829 | 51.307| 0.686 | X 105.086 . == 0.0042.
.504 | 0.072 L 146.0
il R This result demonstrates also the reproducibility of the
176507 | 0008 | ATME L 00 AR Laeaye A2 1 geometrical conditions for the three different sources.
4.835| 0.052 | M 172.9 - . .
—— p— e - 6.199 g.ggg ﬁ 174.3 4, The results given in Table XV were obtained by
%giigg 8:8%3 sgjgg? 6:?}23 3:3':'9% gjggg & 23‘,11;33% means of eight different semiconductor detectors. In the
286,008 | 00014 | 1.619| 0030 | 0142 | o009 | K 237.579 working energy regions no systematic deviations of the
i) DR | uar0Ms | LML U T experimental a, values were observed as a function of
the quality of the detectors used. This fact confirms the
e it s s of ou umption he charge collection
121.782 | 0,003 | 100.000 | 2.476 | 100.000 | 2.446 | K 74.947 S o RERMEES) thakt g
g.; ;ég 8 ;gg }aw Eﬁi is independent of the g-particle energy. We note that
3.039 [ 0.162 N 1216 basic material from different firms and with different
s Reoil Raes St 3;3%:’; g:ggﬁ f ;33;256 parameters was used for preparation of the detectors.
344,267 | 0.007 96.528 1.784 4.729 | 0.039 K 29!{.028 )
A018 |, 0033 | Lo 5. Relative intensities of conversion electrons have

been measured for certain nuclides, which can be used

10Yb, 30.6 days for calibration of g spectrometers (Table XVI). It is

93.643 | 0.005 | 6.811| 0.224 | 52.007 | 1.022 34.223 i i i
90125 | 0,131 Pl proposed subsequently to extend the region of calibration
1.745 | 0.228 91.7 sources.

109.784 | 0.003 45.820 | 1.694 40.607 | 0.405

261.069 | 0.012 4.962 | 0.189 0.272 | 0.015

K
L
M
L
130.525 | 0.003 | 30.936 | 0,733 ﬁgg; oggi K 71.%35
1. L 120. -
9.776 | 0433 | M 1286 Analysis of results
2,299 | 0.076 N 130.1 . 4 .
177.208 | 0.004 62,375 | 1.171 ig-ggg ggi% I;M ;!_Z% An analysis can be carried out by comparison with
L . 4 [C 80 . s s N .
0.833 | 0.029 N 176.8 the data in the literature and with theoretical calculations
197.948 | 0.004 | 100.000 | 1.834 | 400.000 | 1.208 K 138.558 i
1g gﬁg g(z)gg I;I 13?6 (Table XVI). We note that the data on conversion coef-
i A 4 ). s s . - 2
0.915 | 0.025 % 197.5 ficients existing in the literature at the present time
K

307.732 [ 0,008 | 29.270 | 0.654 3.729 | 0.072 248 331 are contradictory and it is difficult to choose criteria
3L, 1.37 years for selection of the most reliable values. However, a
78.651 | 0.006 | 52.115] 1.190 22%:33? %3&2(; ﬁ{ gg-_g formal weighting procedure leads to large error values
143.645 | 11.365 N 8.3 resulting in a spread, which excludes comparison with
e hil e Rl T theoretical calculations. We shall not carry out a com-
171.402 | 0.004 | 13.834 | 0.379 3?;;2%3 1:38; ﬁ 1?8:370 plete physical analysis of the results, since the princi-
19363 | 0.004 | 6.362| 0.7 | oy | Lt | K& 11808t pal purpose of this work is to describe measurement
S| Mmoo FE Bl techniques. It is appropriate, however, to make cer-
272.411 | 0.005 | 100.000 | 1.886 | 100.000 | 1.288 | K 210.779 tain remarks.
14940 | 0.355 | L 262.3
36075 oon | el 00 | adm| 00w | E 580.418 - 1. In Table XVII we have given the conversion coef-
plad ) g | hral DO | PR e e Bl ficients which can be obtained for transitions of pure
635.120'] ‘0.013. | 7.296]| 0.1550 | 4673] Dda0 |- K STELI81 multipolarity from Table XVI. From the point of view
S e et E‘;’.ﬁ;“”%;f{;’;; Ao o 8ok of planning an experiment these results are useful in
6.490 | 0.355 L 554.2 that it is possible to recognize the realistic errors
o | 00@ | ¥ et which are achievable in an approach of this type. Also
L SR AR L RS B in Table XVII we have given the calculated conversion
i S R coefficients and their deviations from the experimental
1770.253 | 0,034 7.221 | 0.147 0.295 ( 0.008 K 1682.248 . values, as well as data from the literature.
0.044 | 0.006 L 1756.0

2. An object of special experiments has been the
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TABLE XVII, Experimental values of internal-c
with theoretical values®® and published data.,

onversion coefficients and comparison

Nuclide E(AE) oL i @ Aa;, % |oy (theor.) Diﬂﬂiﬂm- o; Aap % [Reference
121y 78.738 (5) E2 L 5.268 6.2 5.000 | +3.4 = - —
M 1.319 4.9 1.253 | 45.1 L = -
N 0.342 6.7 — — d = =
176mLy 88.367 (7) E2 K 1.164 1.8 1.240 —4.1 1.10 5.5 [52]
152y 121.782 (3) E2 K 0.636 2.5 0.68 | —7.3 | 0.65 9.2 [52]
L 0.393 3.7 0.375 | +4.7 | 0.38 13.2 150
M 0.0883 | 3.8 0.084 | -+5.0 — - -
N 0.0193 6.3 0.0198 —2.6 _— — —_
169Yh 130.525 (4) E2 K 0.499 3.3 0.546 | —9.0 | 0.53 -5.7 [57]
1410 145.443 (3) M1 K 0.365 3.0 0.388 | —6.4 | 0.379 1.4 [47)
L 0.0519 | 3.5 0.0522 | —0.6 — == -
M 0.0104 | 4.4 0.0141 | —6.5 - - —
N 0.0027 | 5.8 0.0030 | —10.3 - = o
148Gd 149.733 (6) M1 K 0.459 3.3 0.507 | —9.9 | 0.475 2.7 163]
L 0.0699 | 5.6 0.072 | —3.0 — — at
M 0.0146 | 10.8 0.0455 | —6.0 = - —
151Gd 153.605 (4) M1 K 0.426 3.1 0,471 | —10.0 | 0.475 3.2 [64]
L 0.0623 [ 3.5 0.0669 | —7.1 = = 20
M 0.0142 | 4.3 0.0144 | —1.4 | 0.023 | 30.4 (64]
139Ce 165.854 (5) M1 K 0.226 3.1 0.225 | 40.5 [ 0.2142( 0.7 [47]
L 0.0319 [ 3.5 0.0302 [ +5.5 — — -
M 0.00660( 3.8 0.00625| +5.5 - - —
N 0.00167| 5.8 0.00472| —3.0 = = =
1By 171.402 (4) E1 K 0.0657 | 3.1 0.0698 | —6.4 | 0.065 | 15.4 [65)
1G4 174.697 (4) M2 K 1.731 2.5 1.8% | —9.1 - - =
L 0.330 3.6 0.38 | —15.1 | 0.38 18.4 [64]
7Ly 179.363 (5) E2 K 0.214 3.0 0.231 | —7.6 | 0.20 15.0 [65]
Ly 181.530 (4) E2 K 0.210 3.8 0.224 | —6.5 | 0.210 6.0 [66]
188Th 199.216 (5) E2 K 0.155 5.2 0.158 | —2.6 il o —
12y 203.436 (4) E2 K 0.150 3.3 0.161 | —7.1 | 0.160 6.3 66]
167Tm 207.797 (3) E3 K 0.479 3.2 0.481 | —0.4 | 0.510 8.8 167]
L 0.709 2.0 0.703 | +0.9 o 2 =
M 0.186 6.1 0174 | +6.7 - = =
N o042 | 21.7 = — = e =
151G 243.293 (14) E1 K 0.0202 | 3.1 0.0222 | —9.4 | 0.025 | 16.0 [64]
152Ey 244,891 (6) E2 K 0.0846 | 3.6 0.0813 | +4.0 | 0.0846 | 9.0 167]
156Th 262.587 (13) E2 K 0.0769 | 3.9 0.0685 | +11.6 | 0.0673 [ 3.3 (68)
152Th 271.085 (14) E2 K 0.0620 [ 3.8 0.0622 | —0.2 | 0.0640 [ 12.0 [69]
1731y 272.111 (5) E1 K 0.0210 | 3.1 0.0244 | —1.9 | o0.0222 | 1.4 [65)
19y 277.081 (5) M1 K 0.0808 | 2.8 0.0861 | —6.4 | 0.079 6.3 [63]
189Yh 307.732 (6) E2 K 0.0446 3.8 0.0485 —8.4 0.0488 3.7 [57]
1wEy 327.527 (6) M1 K 0.0514 | 2.8 0.0557 | —8.0 | 0.050 6.0 [63]
152Ey 344.267 (7) E2 K 0.0313 | 2.9 0.0311 | 40.6 | 0.0206 | 4.4 152]
L 0.00671 5.3 0.00684] —1.9 - = —
186Th 356.431 (11) E2 K 0.0277 | 4.0 0.0282 | —1.8 | 0.0285 | 7.7 [68]
1586Th 534.323 (11) E1 K 0.0035 | 4.8 0.0085 | +0.1 | 0.0082| 6.9 (68]
207RBj 560.683 (12) E2 K 0.0161 | 3.2 0.0159 | +1.3 | o.0160| 2.5 [52]
L 0.00474| 13.9 0.00439 +7.7 - - =
137Cg 661.648 (14) M4 K 0.0905 | 1.1 0.0920 | —1.6 — = -
L 0.0166 | 2.1 0.0168 | —1.2 — - -
207Bj 1063.660 (19) M4 K 0.0966 | 2.6 0.097 | —0.4 | 0.0926 | 4.0 [52)
L 0.0251 | 4.0 0.0251 0.0 — — —

121.8-keV transition of ?Eu. R is considered to be
pure E2, discharging the first excited state of '°*Sm
(2*). A favorable circumstance for performance of ex-
periments has been the presence in the SSGS set of ac-
tivity-calibrated sources of *'Co (the 121.1-keV transi-
tion) and '*'Cs (the 661.6-keV transition), As a result,
error in determination of the y-spectrometer efficiency
has been avoided. Qur conversion-electron measure-

TABLE XVIII. Comparison of experimental data on relative
intensities of !*Eu internal-conversion electrons with pub-
lished data.

E I Ar I argie) | 1 | argso I (argsy
K121,8 100.000 | 2,146 | 100.000 | 3.821 — — 100.000 | 1.988
L121,8 61.718 [0.770| 78.025 | 6.242 [64.465 7.092 | 56.989 | 1.080
K244.7 3.424 |0.042 3.376 | 0.127 | 3.593] 0.236 2.045 | 0.102
L2447 0,927 | 0,028 0,840 | 0.102 — — 0,545 | 0.028
K 364.3 4.729 10.030| 4.586 | — 472090 — 3,400 | 0.471
L 344,3 1.018 |0.033 1.102 | 0.459 - — 0.767 | 0,039
565 Sov. J. Part. Nucl. 9(6), Nov.-Dec. 1978

ments in their entirety used four different sources of
“2Eu and five sources of *’Cs. As can be seen from the
data of Table XVII, «,(121.8 keV) differs from the calcu-
lated value of 7.3+ 2.5%.

One can assume that the efficiency of semiconductor
detectors plays a role in the region near 80 keV. How-
ever, our experiments were carried out by means of
four different Si(Li) detectors and the values obtained
agree. In addition, the relative intensities obtained for
the conversion electrons of *?Eu agree within experi-
mental error with the data given in Refs. 46 and 50 (ex-
cept L121 in Ref. 46, Table XVIII). The data of Ref. 51
we consider to be erroneous,

Thus, two assumptions are possible: either the data
on the activity and decay scheme of 5Co and ¥'Cs are
incorrect, or the calculations for some reason give ex-
aggerated values of the conversion coefficients,

3. The E2 transitions for even-even nuclei, which
discharge 2* states to the ground state 0%, have been
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TABLE XIX. Absolute values of a-particle energies mea-
sured by means of 2 magnetic spectrometer,5

e | T ¥ | fok Tita E | aE
148Gd 93 years 3182.787| 0.024| **6Ra| 1.6.10° years | 4784.50 | 0.25
210Pg 138 days 5304.51 | 0.07 | 22?Th 18.5 days 6038.21 | 0.15
24Bj 2.1 minutes | 6623.1 | 0.6 5977.82 | 0.10
n1p; 1 minutes | 6090.087| 0.037228Th | 1.9 years | 5423.33 | 0.22
212po 3-10—7 8784.37 | 0.07 5340.54 | 0.15
10554 2 e 72 years 5320.80 | 0.14
214pg 162-10-8 7687.09 | 0.06 5263.54 | 0.09
215Pg 1.8.10-3 7386.4 | 0.8 |238Pu 88 years 5499.21 | 0.20
216Pg 150-10-2 6778.5 | 0.5 5456.5 | 0.4
218pg 3.0 minutes | 6002.55 | 0.09 |24°Pu 6.5-10® 5168.30 | 0.15
219Rp 4 6819.29 | 0.27 5123.82 | 0.23
220K 55 6288.29 | 0.10 |281Am 433 years 5485.74 | 0.12
222Rn 3.8 days 5489.66 | 0.30 5442.98 | 0.13
wsRa | 41.4days | 5747.8 | 0.4 |42Cm| 163 days | 6112.92 | 0.08
5716.42 | 0.29 6069.63 | 0.12
5607.6 | 0,6 [ %44Cm 18 years | 5804.96 | 0.05
5540.0 | 0.9 | 5762.835| 0.03
224Ra 3.6 days 5685.56 | 0.15 || *3Es 20.5 days 6632.73 | 0.05

systematized in Ref. 52. The discrepancy for «,(121.8
keV - *2Eu) was noted there also, but the error was
greater. Reference 52 also indicated a deviation of the
ratios L,/L, and L,/L, for pure E2 transitions from the
theoretical values.

4, The technique for measurement of conversion co-
efficients with semiconductor detectors involves in a
direct way the relative y-ray intensity basis introduced
by us, and therefore any corrections of this basis should
lead to corresponding corrections of the experimental
conversion-coefficient values.--Here, however, there
may be a correction also with respect to the primary
standard conversion coefficient—q,(661.7 keV - *'Cs).
Consequently,

ky (E) = (a/af?) K (E), (53)

where k,(E) is the correction coefficient for the conver-
sion coefficient; E(E) is the correction coefficient of the
relative y-ray intensities (42); o and o are the new
(2) and old (1) values of the primary-standard conver-
sion coefficient.

7. SPECTROSCOPY OF o PARTICLES

At the present time precision o spectroscopy is
carried out by means of magnetic spectrometers which
have high energy resolution (see Fig. 1). Unfortunately,
the absolute efficiency of these devices is low (see Fig.
2), and this places severe requirements on the activity
of the sources. In addition, the procedure for obtaining
information from thick-layered photographic plates is
slow and difficult. Promising means of speeding up the
data processing involve use of automated television
cameras for track counting and use of wire chambers™
and perhaps semiconductor coordinate detectors. In
both cases the requirements on source activity remain,
and in the second case there is a deterioration of energy
resolution.

In certain cases the problem can be solved by use of
semiconducting o spectrometers. However, although o
spectroscopy was the first field of application of semi-
conductor detectors, a systematic technique of precision
spectroscopy has not yet been developed.

Since a-particle spectrometry is carried out in a
rather narrow range of pulse heights, the problem can
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TABLE XX. Energy and relative intensity of o particles
from radioactive nuclides used for calibration of spectro-
meters.

Nuclide Tyjg years E AE Ttot 1 ar
224Rg 1.6-10°% 4784.50 |0.25| 100 94.5 0.1
4601.9 0.5 5.5 0.1

7687.09 | 0.06 99 —

6002,55 | 0.09 99 =

5489.66 [ 0.30 99 =

5304.51 | 0.07 99 =

275¢ 22 4954 2 1.4 41.5 AT
4942 3 38.8 1.7

4871 3 6.4 0.7

228Th 1.9 5423.33 0.22 100 72.7 0.4
5340.54 | 0.15 26.7 0.2

23y 1.6-105 4824.2 1.2 100 8i.4 0.2
4782.5 1.2 13.2 0.1

28py 88 5499.21 |[0.20| 100 A 1.2
5456.5 0.4 28.7 1.2

239py 2.4-104 5155.4 0.7 100 73.3 -
5142.9 0.8 15.1 —

5104.6 0.8 11.5 —

MAm 433 5544.3 0.3 100 0.35 —
5485.74 | 0.12 85.2 s

5442.98 | 0.13 12.8 =

283Cm 163 days 6112.92 | 0.08 | 100 74.0 0.5
6069.63 | 0.12 26.0 0.5

24Cm 18 5804.96 | 0.05 | 100 76.4 0.2
5762.835 | 0.030 23.6 0.2

be discussed as a special case of spectrometry of mono-
energetic particles by means of semiconductor detec-
tors (see Sec. 4). Here the principal experimental prob-
lems involve the difficulty of preparing high-quality
combined @ sources (simultaneous measurement of dif-
ferent sources involves distortion of the uncorrected
spectrum; see Fig. 42) and low spectrometer energy
resolution. Therefore each experiment must be pre-
pared specially and an external or internal calibration
technique chosen on the basis of a preliminary analysis.

In contrast to y spectroscopy, a systematic set of
a-particle energy standards has already been proposed.®?
Absolute values of a-particle energies measured by
means of a magnetic spectrometer are given in Table
XIX. Data on the ¢ decay of actinides have been analy-
zed also in Ref. 72. For calibration of spectrometers
the greatest interest is presented by nuclides with com-
paratively long half-life and available through commer-
cial channels (Table XX). Inthe USSR some sources of
this series are prepared in the form of a set of standard
spectrometric o sources (SSAS)."® Here the sources
are divided into three categories as a function of the in-
trinsic width of the o line at half-height: 1) Asouce <10
keV, 2) Asuree <20 keV, and 3) Agurce < 50 keV, In addi-
tion, from the technological point of view a distinction
is made between SSAS with a firmly fixed layer of radio-
active material and SSAS for precision measurements
(intrinsic line width at half-height < 2 keV) prepared by
vacuum evaporation of the material. Combined SSAS
are also produced, for example **Pu +**'Am +2%/Cm,
28U +2%8pyu +2%¥Ppu, *°Ra +%2"Ac +%**Th, and so forth.

We note that for SSAS with a firmly attached layer the
permissible deviation of the energy and activity from
the nominal values is +100 keV and +20%, respectively.
Consequently the quality of the calibration sources
substantially determines the design of an experiment
for measurement of a-particle energies by means of
semiconductor detectors.

The range of o particles (see Fig. 33) falls entirely
within the thickness of the sensitive layer of Si(Au) de-
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TABLE XXI. Energy of a particles from **Ra and its daughter products (see Fig. 58) ob-

tained by an internal-calibration technique,

Variant E AE E AE E AE E AE E AE E AE
1 4599.656 | 0.699 | 4782.356 | 0.542|5304.510 | 0.388 5489.708 | 0.340 | 6002.550 | 0.411 | 7685.715| 0.931
Deviation +2,244 +2.144 0 —0.048 0 +1.375
2 4599.240 | 0.596 | 4782.054 | 0.459 | 5304.510| 0.388 | 5489.815 | 0.353 | 6002.953 | 0.385 | 7687.090| 0.410
Deviation --2.651 +2.446 0 —0.155 —0.403 0
3 4602.367 | 0.6334784.500 | 0.470|5305.036 [ 0.386 | 5489.660 | 0,389 | 6000.913 | 0.584 | 7678.861| 1.350
Deviation —0.467 0 —0.526 0 +1.637 -+8.229
4 4602.121 | 0.616)4784.500| 0.470(5305.737 | 0.378 | 5490.609 | 0,344 6002.550 | 0.411 | 7682.757| 0.714
Deviation —0.221 0 —1.227 —0.949 0 4,333

4601.849 | 0.805)4784.500| 0.471 | 5306.516 | 0.401 | 5491,665 | 0.367 | 6004.371 | 0,895 7687.090 | 0.409

Deviation -+0.051 0 —2.006 —2.005 —1.824 0
6 4600.448 | 0.585)4783.172| 0.447|5305.396 | 0.380 | 5490.617 | 0.347 | 6003.527 | 0.386 | 7686.915 | 0.434
Deviation -+1.452 -+1.328 —0.885 —0.957 +40.977 +4-0.175
7 4600.823 | 0.609)4783.508 | 0.473|5305.626 | 0.398 | 5490.810| 0.362 | 6003.615 | 0.390 | 7686.658 | 0.427
Deviation -+1.077 —+0.992 —1.116 —1.150 —1.065 —0.432
8 4600.247 | 0.598]4782.961 | 0.459|5305. 153 | 0.385|5490.365 | 0.351 | 6003.245 | 0.391 | 7686.534| 0 488
Deviation +1.653 +1.539 —0.643 —0.705 —0.695 -+0.556
Data of

Table XIX 4601.9 0.5 |4784.50 | 0.25 |5304.51 | 0.07 |5489.66 | (.30 |6002.55 | 0.09 |7687.09 | 0.06

Note. Energies used for calibration are underlined, We have also given the deviations from

the data of Table XIX.

tectors, and therefore there are no difficulties in mea-
surement of the relative intensities of o groups. How-
ever, the problem of measuring absolute intensities of
a particles is appreciably more complicated. There is
no doubt that it is possible to solve the problem by a
careful consideration of all geometrical factors, In par-
ticular, the activity of ®*!Am was determined by this
method with an error <0.2%." However, a simpler
method is the comparison of standard activities with the
activity being studied.

An example of a single measurement of a ***Ra SSAS
(with a firmly attached layer) by the internal-calibration
method is shown in Fig. 58. If we assume that *2®Ra and
its daughter products are uniformly distributed over the
thickness of the source itself and that there is no non-
linearity due to energy loss in the thickness or to the
quality of the apparatus, we can determine the energies
of o particles by means of various sets of standard "
peaks (Table XXI). From the data presented, however,
we can conclude that the conditions of an ideal experi-
ment have been violated and therefore the systematic
deviations of the energy are as much as 2.7 keV. In
analysis of repeated measurements on the basis of the
equations (30) we used the following parameters:

a) Since the energy calibration is accomplished by

¥
e !‘ 200253~y | 768705 T"Fg TR TSy
o | =l \ . 30.9.77
2 L SRR Wirre
£ ‘ 530457 "%g m i i
2 4786.50-**"Ra | 5489.66
g ra”‘ 4601.9-"5Rg | ! / | G055 i3 |
% \ﬂ and ¥ rad|at|on \ | ! i
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10 ! 530451 ]
7 l
g 1000 2000 5000 4000
Channel number

FIG. 58 Spectrum of o particles from **®Ra measured by a
30 mm? ¥0.3 mm 81i(Au) detector. The insert is shown on a
linear scale. T,=1 year, T,=2 hours, P=4 ¢m.

567 Sow. J. Part. Nucl. 9(6), Nov.-Dec. 1978

means of a-particle energies measured by an absolute
method, we set o, =0.

b) If the calibration is accomplished by means of
only two standards, which according to the data of
Table XXI is justified in a narrow energy region, then

a, = [(AE,)* + (AE,)?', (54)

where AE, and AE, are the errors in the calibration
energies.

With use of various pairs it is necessary to use as
a, the pair with the least error.

c) Inclusion of the systematic error o, in single mea-
surements is a complicated question. For repeated
measurements we assume that o, =0 and the contribu-
tion of a; is transferred to the value of the error a, due
to the spread. On the other hand, in single measure-
ments we assume

1
Gy = —
i n}Y 3

2 Eicae —Eimn |» (55)
i=t

where E is the energy of a standard peak located inside
the calibration region but not used in calculations of the
coefficients B, and B,.

The comments above also refer in their entirety to the
external- calibration method. In this case such factors
as the source quality, counting rate, source-detector
distance, chamber vacuum, and so forth have exception-
al significance and the systematic error associated
with these factors may be as high as 100 keV. For ex-
ample, an experiment on measurement of the energy of
the o particles of a ***Pu SSAS (with a firmly attached
layer, Fig. 59) by means of the technique of external
calibration on the basis of **Ra gave 5499.913+ 0,794
and 5540.818 + 0.495 keV. Comparing these results with
the data from Table XX, we determine a difference of
43.413 and 41.608 keV, respectively. The exaggeration
of the energy relative to ?*Ra can be explained by the
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FIG. 59. Spectrum of & particles from 2**pu measured by a
30 mm® x0.3 mm Si(Au) detector. The insert is to a linear
scale, T;=1year, T,=2 hours, P=4 cm.

influence of the thickness of the shielding film of the
226Ra source, which is a source with emanation.”

CONCLUSION

At the present time semiconductor detectors are the
principal instruments in experimental nuclear spectro-
scopy. Spectrometry techniques are finding ever in-
creasing application in intermediate and high energy
physics,” and also in solution of problems of an ap-
plied nature (activation and elemental analysis). How-
ever, it should be stated that the development of techni-
ques of spectrometry of radiations stands apart some--
what from the development of the technology of prepar-
ing semiconductor detectors. As is well known, these
processes are related to each other.

We draw certain conclusions from the analysis carried
out in the present work.

1. Detectors based on Si and Ge have essentially
reached the energy resolution possible for the crystal
configuration chosen. Although there have been some
achievements in the technology of preparing detectors
of GaAs and CdTe, the requirements of experimental
nuclear spectroscopy are still satisfied only by Si and
Ge detectors. From the point of view of future promise,
special interest is presented by coordinate-sensitive
detectors in combination with classical magnetic spec-
trometers.

2. The planning and performance of experiments to
study the spectra of radiations of radioactive nuclides is
meaningless without performance of a complete analysis
of effects which distort the uncorrected spectrum (see
Tables II and III).

3. A number of physics experiments involve precision
measurements of y-ray energies. At the present time
discussions are going on regarding the choice of secon-
dary standards which relate the y-ray energy values
with the fundamental constants. Here the error of such
a standard has particular significance, since it enters
as a systematic component into the total error of the y-
ray energies.

4. The technique of y-ray energy measurements by
means of semiconductor detectors is based on compari-
son with energy standards. On the assumption of Eq.
(35) with use of the '®2Ta and '*’Ir y-ray energies (see
Table IV) and the energies of transitions obtained by
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addition of cascade transitions for nuclides with well
studied decay schemes (see Table VI), a complete set
of standards has been constructed (see Table VII). If
the new value of E, (411.8 keV) is adopted, the correc-
tion procedure becomes simple [Eq. (39)]. Here the
model for calculation of the errors [Eq. (30)], which
provides conversion to the new standard basis, is of
central importance.

5. Measurement of y-ray energies in the region be-
low 100 keV involves significant difficulties in the
choice of energy standards, as the result of distortion
of the uncorrected spectrum by the characteristic radia-
tion of the standard nuclides and also by the KX radia-
tion in the semiconductor detectors. In order to reduce
these distortions it is necessary to carry out a careful
analysis of the experimental conditions.

6. The technique of measuring relative intensities of
y rays by means of semiconductor detectors is based on
use of data on the relative intensities of the y rays of
standard radionuclides (see Table XII). These results
were obtained by means of activity-calibrated sources
(in the USSR, from S8GS). Since in the regions 35-120
and 200-600 keV there are comparatively few transi-
tions whose energies can be calibrated with high ac-
curacy, it is necessary to invoke various physical cri-
teria which permit the correctness of the basis to be
verified (see Table XII). If there is a deviation, the
correction procedure can be carried out in accordance
with Eq. (42).

7. We have described here the technique for mea-
surement of conversion coefficients by means of semi-
conductor detectors. As primary standard for conver-
sion coefficients we have used ,(661.7 keV — *"Cs)
from Eq. (51). On this assumption we have constructed
a set of secondary standards for conversion coefficients
(see Table XV). This approach necessarily provides a
procedure for correction of the data [Eq. (53)].

8. The transition 121.8 keV - '**Eu has been the ob-
ject of special experiments. It is considered to be pure
E2 and to discharge the first excited state of '**Sm (2*).
The experimental value of o, obtained differs from the
calculated value® by 7.3+ 2.5%. We propose to carry
out a series of experiments to check the agreement of
the experimental and theoretical conversion coefficients
for transitions of pure multipolarity.

9. At the present time there is no systematic tech-
nique for precision spectrometry of @ particles by
means of semiconductor detectors. The difficulties are
associated mainly with the preparation of high-quality
sources.

10. The problem of investigation of continuous g
spectra by means of semiconductor detectors remains
untreated in the literature. Experiments are most fre-
quently carried out by analogy with magnetic spectro-
metry. However, such features as the multichannel
nature, selectivity, addition effects, backscattering,
and the like hinder such an analogy, and there is ob-
viously a need for development of a special technique
for semiconductor detectors. ¢
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11. We have devoted our principal attention to des-
cribing methods of spectrometry of radiations of radio-
active nuclides by means of semiconductor detectors.
The questions of application of this technique and the
physical consequences present independent interest,

In conclusion we wish to thank Professor K. Ya.
Gromov for his constant interest in this work.
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